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NOTICES 


An annual sum of £250 is available for premium awards for papers, including 


Technical Notes, published in the Journal. 


Members and non-members of the 


Society are invited to submit Papers on any aspect of aeronautics 


AUGUST BANK HOLIDAY 


The Library and Offices of the Society will be closed 
from 29th July until 9 a.m. on Tuesday 2nd August 1955. 


ASSOCIATE FELLOWSHIP EXAMINATION 


The closing date for Candidates in the United Kingdom 
for the December 1955 Examination in the Old Syllabus 
is 31st August. The entry list for those residing abroad 
closed on 31st May. For those taking the Revised Syllabus 
the closing date was 30th June. Entry forms for the old 
Syllabus may be obtained from the Secretary. 


REPRINTING ANNUAL REPORTS AND JOURNALS 


The Council have agreed that the Annual Reports and 
the first fifteen Volumes of the Journal of the Royal 
Aeronautical Society be reprinted facsimile, as the stock of 
these publications is extremely low, and in some cases 
we have no copies at all. The Council would be very 
grateful to any member who could lend, or sell to the 
Society, copies of the issues which are missing so that this 
reprinting may be done. The missing numbers are :— 


Annual Reports Journals 
Nos. | Vol. I 1897 April 
pe Vol. V 1901 April 
4 Vol. V 1901 October 
6 Vol. VIE 1903 April 
9 Vol. VIE 1903 July 
12 Vol. X 1906 January 
18 and 19 Vol. XI 1907 April 
20 and 21 Vol. XIII 1909 July 


Vol. 1910 July 
Indexes to Vols. Il, 1X, 
XI and 


COURSE ON THE FATIGUE OF METALS 


The University of Nottingham is holding a residential 
course on the fatigue of metals from 12th September until 
l6th September inclusive. The course has been organised 
by a joint committee of industry and the engineering 
departments of the University under the chairmanship of 
Mr. G. Forrest. 


The subjects to be covered are: The fundamentals of 
fatigue; The fatigue properties of steels and cast iron; 
The fatigue properties of non-ferrous alloys; Corrosion 
fatigue and fretting corrosion; Fatigue of aircraft; Fatigue 
testing. 

Residential accommodation for 100 people will be pro- 
vided in Hugh Stewart Hall, which is situated in the 
University Park. 

All enquiries should be addressed to: The Secretary, 
Fatigue of Metals Course, Departments of Civil and 
Mechanical Engineering, University of Nottingham, 
University Park, Nottingham. 


ELLiotT MEMORIAL PRIZE 


The Elliott Memorial Prize has been awarded to Sergeant 
Aircraft Apprentice P. J. Arthur of the September 1952 
Entry at R.A.F. Halton, who obtained the highest marks 
in the General Studies Examination. 


BIRTHDAY HONOURS 
Among members of the Society who were honoured 
by Her Majesty the Queen in the Birthday Honours List 
were : 
ECB. G. W. H. Gardner (Fellow) 
C.B.E. Dr. P. B. Walker (Fellow) 


NEws OF MEMBERS 


L. W. Derry (Associate Fellow), Head of the Depart- 
ment of Metallurgy at Battersea Polytechnic, and 
Dr. E. W. C. WILKINS (Fellow), of the Society’s Technical 
Staff, have been awarded a Leverhulme Research Award 
for a Statistical investigation into the fatigue properties of 
certain non-ferrous metals. 

F. J. WinGFIELD Dicsy (Fellow) has been appointed 
Assistant Chief Designer of Folland Aircraft Ltd. 

Lieut. GENERAL JAMES H. DOOLITTLE (Fellow) has been 
awarded the 1954 Gold Medal of the Fédération Aéro- 
nautique Internationale. 

Dr. H. L. Dryben, (Fellow) has been elected Home 
Secretary of the National Academy of Sciences for a four- 
year term. 

SiR GEOFFREY DE HAVILLAND (Honorary Fellow) has 
received an Honorary Degree from the University of 
Sheffield. 

D. T. Grant (Associate Fellow) has been appointed 
Project Engineer (Rotorcraft) at Rolls-Royce Ltd., Derby. 

W. E. HampTON (Associate Fellow) has joined D. Napier 
& Son Ltd. as Aviation Export Representative. 

G. HARTNETT (Associate) has been appointed Chief 
Tester of the Piston Engine Division, D. Napier & Son Ltd. 

J. O. HitcuHcock (Associate Fellow) has been elected a 
Director of the Mond Nickel Company and appointed 
Sales Director. 

M. D. KIMBER (Associate Fellow) has been appointed a 
Design Engineer with Marshalls Flying School, Cambridge. 

Dr. E. S. Moutt (Fellow) has been appointed a Director 
of the de Havilland Engine Co. 

Dr. L. W. J. NEWMAN (Associate Fellow) has left Sir 
W. G. Armstrong Whitworth Aircraft Ltd., where he was 
Chief Engineer of the Armaments Division. 

R. M. T. OLLIS (Associate) has left B.E.A. to take up 
a post as Technical Assistant with Field Aircraft Services 
Ltd. 

J. H. STEPHENS (Associate Fellow) has left the de 
Havilland Engine Co. to take up an appointment with 
Rolls-Royce in the Quality Department, Aero Engine 
Division. 

C. W. TINSON (Fellow) has retired from his post as Sales 
Liaison Engineer of the Aircraft Division of the Bristol 
Aeroplane Co. Ltd. 

W. TURNER (Student) has left the Bristol Aeroplane Co. 
to take up a post with Avro Aircraft Ltd., in Canada. 

A. UybDENS (Associate Fellow) has joined Avro Aircraft 
Ltd. (Canada) as a Flight Test Engineer. 

F. W. WHITEHEAD (Fellow) has retired from his post as 
Chief Production Engineer of the Engine Division of the 
Bristol Aeroplane Co. Ltd. 

G. WRIGHT (Associate) has been made an Executive 
Director of the Asquith Machine Tool Corporation Ltd. 

P. H. S. WroE (Associate Fellow) recently left Central 
African Airways and returned to Europe on the award 
of the Institute of Transport Jubilee Scholarship for Travel 
and Research on Operational Planning Techniques used 
by European Airlines. He has been appointed to the staff 
of Urwick, Orr, Management Consultants. 
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GRADUATES’ AND STUDENTS’ SECTION 


A visit has been arranged to the National Gas Turbine 
Establishment, Pyestock, Farnborough, for Wednesday 
20th July 1955. The numbers for this visit are limited, 
and application should be made immediately to the ‘Hon. 
Visits Secretary, Mr. P. D. Stewart, 217 High Road, E. 
Finchley, London, N.2. Applicants are asked to state 
their grade of membership of the Society, and that they 
are of British nationality. 


DIARY 
BRANCHES 
lith July 
Halton.—Gyroscopic Aircraft Instruments. N. E. Mussa- 
bini. Branch Hut, R.A.F., Halton. 6.45 p.m. 
18th July 


Halton.—Films: Electro-Chemistry, The Good Old Days. 


Branch Hut, R.A.F., Halton. 6.45 p.m. 
20th July 
Halton.—Visit to Smiths’ Aircraft Instruments  Ltd., 
Cricklewood, London. 
25th July 
Halton.—Junior Members’ Night. Branch Hut. R.A.F.. 


Halton. 6.45 p.m. 


ACKNOWLEDGMENTS 


The Council wish to thank all those who have presented 
the library with material of historic interest in response to 
the “ appeal” in the section on the Library in the Annual 
Report (see p. 288, April 1955 Journal). A number of 
items, including photographs and a collection of interesting 
postcards of old aircraft, have been presented anonymously 
and in addition the Council acknowledges with grateful 
thanks material of historic interest from C. F. Turner, Esq., 
Associate Fellow, and a copy of * Aviation in Canada 
1917-18” from C. J. Toms, Esq., Associate. 

The Council also thanks G. T. R. Hill, Esq., Fellow, 
for old aeronautical literature. 

The Library is still anxious to receive aeronautical 
letters, literature and any material of historic interest. 


BRANCH MEETINGS 


Honorary Secretaries of all Branches are reminded that 
details of their meetings and lectures must be received by 
the 18th of the month if they are to be included in the 
following month’s Diary. Meetings which are to be held 
early in October should be published in the September 
Journal, which means that the information should be 
received by the Editor by the 18th August. It is hoped 
that this year all Branches will be included in the Diary. 


CHANGES OF ADDRESS 


To assist in keeping the records of members correct and 
up to date the Secretary will be glad if all members will 
notify him as soon as possible of changes of address. 

When notifying changes please give the following 
particulars : — 

Name (in block letters). New address (in block letters). 
Grade of Membership. Old address. 

Changes of address must be received before the 15th of 
the month in order to be effective for the JoURNAL for the 
following month. 


GOVERNMENT PUBLICATIONS 


A revised version of Government Publications Sectional 
List No. 8 is now available. This list, under subject 
headings, A.R.C. Reports and Memoranda, is available 
up to May 1954 and is obtainable (postage 24d., otherwise 
gratis) from H.M.S.O., P.O. Box 569, London, S.E.1. 


ELECTIONS 


The following is a list of new members and transfers of 
membership of the Society : — 


Associate Fellows 


Albert Frank Barnes 
(from Graduate) 

Anthony James Barrett 
(from Graduate) 

John Russel Baxter 
(from Graduate) 

Richard Lionel Bloodworth 

Guy Bristow 
(from Associate) 

James Cyril Buck 

Charles Heber Beverley 
Bullock 

John Hyde Mayo Canning 
(from Associate) 

Leonard Robert Carolan 
(from Associate) 

Roland Arthur Victor 
Dismore (from Associate) 

Gerald William East 
(from Graduate) 

John William Fozard 
(from Graduate) 

Adi Cooverji Gazdar 

Bernard Irvin Grant 
(from Graduate) 

Rupert Griffiths 

Denis Howe 
(from Graduate) 


Edgar Knowles. 
Anthony Derek Millett 
Barry George Newman 
(from Student) 
Richard Hubert Norman 
Frank Packwood 
(from Graduate) 
Alfred John Peckham 
(ex-A ssociate) 
Robert Perry 
(from Associate) 


(from Graduate) 
Joseph Crescens Reynolds 
Frank Horsfield Spencer 

(from Associate) 
Aubrey Stone 

(from Graduate) 

Cyril Kenneth Trotman 
George Albert Turner 

(from Graduate) 
Edward Philip Vaughan 

(from Graduate) 
Walter Stanley Charles 

Watkins 
Raymond Leslie Wheeler 

(from Graduate) 


Associates 
Frederick Neilson Rex 
Ballam (from Student) 
John William Barr 


Robert Alan Ginn 
Gerald Stewart Parker 


Graduates 
Robert Glaisby Baxter 
James Robert Cook 
Malcolm Curtis Hall 
(from Student) 


David Kenneth Dunn Rees 
(from Student) 
Bernard Francis Rush 
David Harry Smith 
(from Student) 


Students 


Walter Barker 

Edith Katharine Bird 

Henry Charles Ellis 

Vincent Girvin 

Peter Hampton 

William Hamilton 
Alexander Henderson 


David Woodward Kent 

Anthony Selby Little 

George Graham Readett 

Valerie Short 

Alan Stephenson 

Owen James Stevenson 

Bohdan Andrzej Jerzy 
Sukiennicki 

Companion 


James Stewart Waugh 


JOURNAL BINDING 
Permanent Binding 
The new prices for permanent binding of Journals are: 


1954 Volume (including packing and postage) 18s. 6d. 
1953 Volume (including packing and postage) 19s. 0d. 
Previous Volumes (including packing and postage) 18s. 0d. 


Journals, with a note of the name and address of the 
sender, should be sent direct to The Lewes Press, Friars 
Walk, Lewes, Sussex, and the remittance to the Secretary 
at the Offices of the Society. 


Self-Binder Cases 

Self-Binder cases of the “ Easibind” type to hold 12 
Journals (cost 11s. 6d. each) are available from the offices 
of the Society. 


Harold Yeoman Ratcliffe") 
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The Journal of the Royal Aeronautical Society 
VOLUME NUMBER 535 
THE FORTY-THIRD WILBUR WRIGHT MEMORIAL LECTURE 
: HE FORTY-THIRD Wilbur Wright Memorial Lecture, 


A on “ Flight Control,” was given by Dr. C. S. Draper, 

F.LA.S., on 19th May 1955 at the Royal Institution, 

' Albemarle Street, London, W.1. 
Mr. N. E. Rowe, C.B.E., B.Sc., F.C.G.1., F.1A.S., 
 FR.Ae.S., President of the Society, presided at the meeting. 
8 As has now become the custom, the chief medals awarded 
by the Council for the year were presented before the 
lecture. 

THE PRESIDENT: The meeting that evening was the 
“highlight” in the year’s calendar of the Royal Aero- 
nautical Society, which it was worth reminding themselves 
was the oldest aeronautical body in the world. They met 
to commemorate a great man and a unique achievement. 
Only once could one have the first fully-controlled power 
operated flight in a heavier-than-air aircraft. 

The stature of Wilbur Wright increased with time. The 
more that was known about him the more did he stand out 
4s a remarkable man judged by any standards. He was a 
great engineer, a true scientist, a pioneer of great vision 
and of penetrating judgment. He was simple, kindly and 
modest. 

It was then most appropriate to choose this occasion 
for the presentation of the major awards of the Society. 


The Society's Gold Medal—torD HIVES, C.H., M.B.E., LL.D., 
D.SC., HON.F.R.AE.S. 

The Society’s Gold Medal was the highest honour that 
the Society could confer for work of an outstanding nature 
in Aeronautics. This award was instituted in 1909 for the 
very purpose of recognising the great work of the Wright 
Brothers and this year it was awarded to Lord Hives (a 
Director of Rolls-Royce Ltd.), for his outstanding work in 
the field of propulsion of aircraft. In 1953 the Society 
offered to Lord Hives the highest tribute in its gift when he ; , 
was made an Honorary Fellow. Now they sought to show Dr. C. S. Draper, F.I.A.S. 
their recognition of his outstanding work in aeronautics 
over many years. His name had become synonymous with 
all that Rolls-Royce stood for in aircraft engines, a great 
engineer and a great leader. 


The British Gold Medal—mr. G. H. DOWTY, F.R.AE.S., 
F.1.A.S., HON.F.C.A.1. 
Awarded for outstanding practical achievement leading 


The Society's Silver Medal—pr. R. A. FRAZER, D.SC., B.A., to advancement in aeronautics, this medal commemorated 
F.R.S., F.R.AE.S., F.1.A.S. Sir George Cayley, “The Father of Aeronautics,” and 
DR. A. A. GRIFFITH, C.B.E., D.ENG., F.R.S. this year was the 21st anniversary of the first award which 
This was awarded for work of an outstanding nature was made in 1934 to Captain, now Sir Geoffrey, de 
in aeronautics. This year there were two awards. The Havilland. This year’s award was to Mr. G. H. Dowty 
first to Dr. R. A. Frazer, formerly of the National Physical (Chairman and Managing Director of the Dowty Group) 
Laboratory, for his outstanding work in Aerodynamics for his outstanding practical achievement in the design 
over a period of many years. He thought Dr. Frazer was and development of aircraft accessory systems. Mr. 
known to all of them in association with Professor Duncan Dowty’s part in the advancement of aeronautics, not only 
and Professor Collar, who was there that evening, for his in this country but throughout the Commonwealth, was 
great contribution to the understanding of the flutter well known and greatly valued. He was also a Past 
problem. President of the Society and had been a most valued 
The silver medal was also awarded to Dr. A. A. Griffith member of Council for many years. 
(Chief Scientist, Rolls-Royce Ltd.) for his outstanding - : 
research contributions on aircraft engines. Dr. Griffith, The British Silver Medal—nr. s. G. HOOKER, O.B.E., B.SC., 
as they all knew, had had a great influence in many fields D.PHIL., F.R.AE.S. ; ; 
in aeronautical science. He thought that they had seen Awarded for practical achievement leading to advance- 
from him a flow of ideas which had stimulated aeronautical ment in aeronautics, it was awarded this year to Dr. 
science and development over many years. It was a great Stanley Hooker (Director of the Bristol Aeroplane Com- 
pleasure to make this presentation to him. pany) for his practical achievement in the design and 
oie development of aero-engines. His practical achievements 
The Society's Bronze Medal—pPROFESSOR LIGHTHILL, F.R.S. in this field over many years had been great and were 
_ Awarded for work leading to an advance in aeronautics, continuing. 
this year’s award was to Professor M. J. Lighthill (Beyer 
Professor of Applied Mathematics at Manchester Univer- The Wakefield Gold Medal—nmkr. J. TAYLOR, M.A., A.F.R.AE.S. 
sity) for his contributions to theoretical high-speed aero- Awarded to the designer or inventor of any apparatus 
dynamics, which recently had included outstanding work tending towards safety in flying, this year’s award was to 
on the source of noise from jets particularly. Mr. J. Taylor of the Royal Aircraft Establishment for the 
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Lord Hives, C.H., M.B.E., Hon.F.R.Ae.S., receiving the Society’s 
Gold Medal from the President, Mr. N. E. Rowe. 


design and development of the counting accelerometer 
which was now fitted quite widely in aircraft to collect 
data of a statistical nature, which was a great step in the 
effort to understand the main factors in dealing with the 
gust and fatigue problem in aircraft. 


The George Taylor (of Australia) Gold Medal— 
MR. R. C. MORGAN, O.B.E., F.R.AE.S. 

Awarded for the most valuable contribution read before 
or published by the Society on aircraft design, manufacture 
or operation; this year it was awarded to Mr. R. C. Morgan 
(Chief Project and Development Engineer of British 
European Airways) for his paper on “ Practical Experience 
of Airline Engineering” which all of them recognised as 
a most valuable contribution to this aspect of operations, 
on which he thought they could not have too much infor- 
mation. 


The Simms Gold Medal—pr. D. WILLIAMS, D.SC., F.R.AE.S., 
M.I.MECH.E., F.INST.PET. 

Awarded for the most valuable contribution read 
before or published by the Society on any subject allied to 
aeronautics, this year it was awarded to Dr. D. Williams 
of the Royal Aircraft Establishment for his paper on 
“Recent Developments in the Structural Approach to 
Aeroelastic Problems.” 


Before they came to the main purpose, the Lecture, 
he would like to refer to other awards that were made 
earlier at the Annual General Meeting when Dr. Igor 
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(Left) Dr. R. A. Frazer, F.R.S., F.R.Ae.S., and (righ.) Dr. A. A. 
Griffith, C.B.E., F.R.S., who received the Society’s Silver Medal 


Sikorsky and Mr. H. Grinsted were both honoured with 
the Honorary Fellowship of the Society. The award was 
made then because Dr. Sikorsky was not going to be in 
this country at this time and they wanted to make the 
award to him personally. He would like now to offer his 
congratulations to those two gentlemen on this grea 
honour. 


He would also like to mention that the Canadian 
Aeronautical Institute, which had now been in being for 
about a year, had done honour to two of their member 
by electing Mr. G. H. Dowty and Dr. A. M. Ballantyne 
Honorary Fellows of their Institute. 


Tonight their Lecturer was a most distinguished 
American engineer and scientist, Dr. C. S. Draper. His 
initial graduation was in Psychology but he quickly moved 
on from the realm of the spirit to more solid, but scarcely 
less intricate, things, since for many years now he had 
been one of the great authorities and workers in the 
United States on fire control equipment for the Navy and 
the Air Force. His principal activity was head of the 
Aeronautics Department of the Massachusetts Institute of 
Technology and Director of the Instrumentation Labor- 
atory, but he was a man of great energy and his work 
covered a much wider field, principally with the United 
States Services. His lecture was on Flight Control and 
he was sure it would bring further distinction and prestige 
to this series of lectures, already unique in the world of 
Aeronautics. 


(Left) Professor M. J. Lighthill, F.R.S. (The Society’s Bronze Medal), (centre) Mr. G. H. Dowty, F.R.Ae.S., F.LAS., Hon.F.C.A.L 
(British Gold Medal) and (right) Dr. S. G. Hooker, F.R.Ae.S., F.R.S.A., receiving the British Silver Medal from the President. 
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The 43rd Wilbur Wright Memorial Lecture 


Flight Control 
by 
C. S. DRAPER, F.L.A.S. 


(Head of the Department of Aeronautical Engineering, Director of the 
Instrumentation Laboratory, Massachusetts Institute of Technology. 


SummMaryY: Flight before the Wright brothers demonstrated their powered man-carrying 
flying machine was based on the philosophy of vehicles with high inherent stability 
combined with pilots whose only duty was to steer. This combination resulted in low 
controllability and poor manoeuvrability, with a strong response to the disturbances of 
rough air. The Wright brothers broke with the high-inherent-stability concept and 
combined inherently unstable aircraft with three-axis control operation by human pilots 
to achieve stable flight systems with good controllability and good manoeuvrability. 


‘ae This change from inherently stable to inherently unstable aircraft was the basic contri- 
bution made by the Wright brothers to start the age of flight. 
In this paper, a picture of the state of flight control before the Wright brothers is 
-d with built up from references to the literature.* A similar picture is drawn for flight control 
rd was developments after the Wright brothers, and the effect of their efforts on the progress 
> be in of events is discussed. Plots with time as the independent variable and non-dimensional 
ike the ordinates are used to illustrate the overall pattern of past developments in flight control 
ffer his and to indicate the course of future progress. 
great 
onli Introduction is illustrated in Fig. 2 for flight and in Fig. 3 for land- 
ing fo} Flight control has two aspects. The first aspect is ing. The elements of the all-manocuvre control prob- 
ember} srability, a characteristic that implies the continuous lem are suggested in Fig. 4 by means of an aerial com- 
lantyne} existence of an equilibrium orientation and an equili- bat in which the’ attacking aeroplane may have to 
brium path of motion to which the flying entity returns follow an arbitrarily complex path. 
guished} after disturbances have caused deviations. The second Flight control is an oft-told tale, with — — 
'. Hi} aspect is concerned with control of the equilibrium ments of theory and practice available in books"® and 
movel¥ Gicht path by command inputs. The physical situation professional articles“. In particular, excellent papers 
carcely resented by Milliken®” and by Bassett'**) at the Third 
he hai) #8Sociated with flight control is illustrated in Fig. 1. P y Ahasseinne 
in the From the standpoint of over-all operation, flying and 
vy andp systems (made up of aerodynamic, structural, propul- respectively, have recently described the current states 
of the) sive, and control components; instruments; human of research and instrumentation in stability and control. 
tute of} pilots; and so on) have to meet situations of three The paper presented by Bollay to the Institute of the 
Labor- Aeronautical Sciences in 1951 as the 14th Wright 


s work 


types : — 
1. Stabilisation. 


Brothers Lecture“” gives a comprehensive and up-to- 


United ae Bs date outline of the methods currently in use for control 
ol and 2. Navigational flight control. system developments. Extensive as this referenced 
see 3. All-manoeuvre flight control. material is, it represents only a small part of a volu- 


[ flight control following the pattern of this paper. 


CAL 
sident. 


The problem of stabilisation is to keep the actual 
orientation and actual velocity of the aircraft acceptably 
close to an equilibrium orientation and an equilibrium 
velocity. Navigational flight control is concerned with 
causing the aircraft to follow equilibrium flight pro- 
grammes from take-offs to safe landings at desired 


| destinations. The typical navigational control situation 


' *The author does not claim to have made a complete survey 


of the literature. Citations of references in the paper are 
limited to those that seemed to be directly pertinent to a 
broad view of the Wright brothers’ place in the development 
of flight control. American references predominate for the 
simple reason that these are most familiar to the author. 
+The definition of ‘‘ acceptably close to an equilibrium orienta- 
tion...” is a matter of primary interest for discussions of 
It is sug- 
gested that a flying system capable of a 95 per cent. recovery 
from any disturbance in 2 seconds can be considered to be 
acceptably stable. 
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minous literature on flight control that includes a great 
number of articles not cited in the present paper (for 
example, many publications of the British Aeronautical 
Research Committee and the American National 
Advisory Committee for Aeronautics). 

The author will not pretend to be completely 
familiar with all the material available on stability and 
control in flight. In the face of this situation, it appears 
foolhardy for him to present a discussion of an already 
well-known subject before a distinguished audience in 
the country where, over fifty years ago, Professor G. H. 
Bryan described the dynamic theory that is still a 
basic tool for aeronautical engineers. 

The justification for the present lecture depends on 
the fact that, as a rule, published material has been less 
concerned with the forest than with the bark on the 
individual trees of stability and control. This state of 
affairs appears to leave a real place for a discussion that 


= | 
| 
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ACTUAL EQUILIBRIUM ACTUAL FLIGHT th 
FLIGHT PATH PATH 
FLIGHT CONTROL wa be 
(1) Stability—property of causing actual orienta- = th 
tion and actual flight ath to seek coincidence es fo 
with equilibrium orientation and equilibrium ha 
flight path. COMMAND EQUILIBRIUM e>>Ss ACTUAL ORIENTATION al 
(2) Equilibrium orientation and equilibrium flight FLIGHT PATH 
path control—property of causing equilibrium 
orientation and equilibrium flight path to th 
follow command inputs. ACTUAL VELOCITY O 
VECTOR 
EX st 
NS 
FicureE |. Aspects of flight control. 
\ fli 
re 
attempts to describe the pattern of historical and tech- developments. Mr. Preston R. Bassett and Dr. Carl A, be 
nical developments in this field. Because in this meeting Frische of the Sperry Gyroscope Company have 
we are concerned with doing honour to the memory of co-operated by making suggestions and by providing A 
Wilbur Wright, it is especially fitting to draw the over- published and unpublished information on the progress 
all picture in a design highlighting the contribution of of flight instruments and control systems during the be 
Wilbur and his brother Orville that provided the key 45-year history of their company. m 
for unlocking the door to man’s mastery of the air. Ww 
The author is indebted to his colleagues of the . ; fa 
Department of Aeronautical Engineering fog the Massa- Flight Control Before the Wright Brothers tu 
chusetts Institute of Technology for their assistance in It is of interest to note that all the facts of nature le 
building up a background knowledge of modern theory and techniques of construction required to realise man-} ti 
and techniques. In particular, Professor Otto C. Kop- carrying flying machines were known and actually dis-[ st 
pen, who has a record of many years’ leadership in the cussed at great length by many enthusiasts before the} of 
teaching of dynamical theory and the application of Wright brothers’ successful controlled flight. Some of} p1 
this theory to aircraft problems, has inspired a real these pioneers were members of organisations such as} w 
understanding of the place occupied by the Wright the Aeronautical Society of Great Britain, or worked} px 
brothers in the development of flying machines. Dr. as individuals on flight, the “Problem of the} ar 
Robert C. Seamans, Jr., and Mr. H. Philip Whitaker Century "°?. Magoun and Hodgins®*) in their book,f bx 
of the M.I.T. Flight Control Laboratory have provided “A History of Aircraft,” have brought together a con- gt 
indispensable help in drawing functional diagrams for densed semi-technical history of man’s efforts to fly,f L 
various types of flight control systems. Captain Robert from the earliest times to 1931. James Means published} in 
E. Mitchell of the Armament Laboratory at the Wright on his own initiative three issues (and only three), 
Air Development Center of the Air Research and dated 1895, 1896 and 1897, of a publication called The} re 
Development Command of the United States Air Aeronautical Langley and Manly al 
Force has supplied encouragement and historical data wrote Smithsonian Institution reports?’ 2*) covering! st 
on the military phases of flight control equipment theoretical studies and flight experiments during the} ai 
years 1887 to 1903. Selections from these references} ac 
make it possible to reconstruct the definitely unsatisfac-} ce 
tory technical state of the art that existed before 17th} pc 
December 1903, when the Wright brothers made their) fo 
first successful controlled flight with a man-carrying! ne 
machine. This situation, worsened by legal battles over ) of 
patent rights, continued to exist for some years after the» co 
first flight, but engineers began to see clearly the basic) |o 
ry requirements for flying, and they have never since) aj 
DIRECTION ~~ slowed their progress. ail 
DIRECTION “ee ‘ A few months before the first flight of the Wright) y 
brothers at Kitty Hawk, Professor G. H. Bryan and W.} pj, 
E. Williams presented a paper to the Royal Society that th 
applied the theory of Routh®’*” to the dynamical br 
problems of gliders. In 1903, only an omniscient being} at 
could have foreseen how the experimental approach of 
the Wright brothers would mesh with the theoreticalf 
results of Professor Bryan to make high-performance} Jo 
aircraft every day facts of our modern world. It is use-) M 
: less to speculate on who might have made the comple- Wi 
FiGure 2. Illustrative navigation problem. mentary experimental and theoretical contributions if) fa 
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FLIGHT CONTROL 


the Wright brothers and Professor Bryan had not all 
been interested in aviation. The time was ripe, and all 
the pieces of the puzzle were at hand, waiting only 
for the whim of fate to drop them neatly into a complete 
and consistent picture. 

It is the primary purpose of this paper to develop 


’ the thesis that the essential contribution of Wilbur and 
Orville Wright was in showing how to achieve overall 


stability and control in a flying system. Once this 
premise is granted, the very great importance of the 
theoretical analysis of aircraft dynamics begun by 
Professor Bryan follows at once. An evaluation of the 
relative merits of the experimental demonstration of 
flight and the theoretical analysis of dynamics is not 
really important. They both had to exist side by side 
before more than limited progress was possible. 


Aeronautics Before the Twentieth Century 


Historical accounts of human flights customarily 
begin with legends and mythology that inevitably 
mention flying carpets and the wax-mounted, feathered 
wings of Icarus and report one of the first of many 
fatal accidents that have occurred during man’s adven- 
tures in the air. Somewhat more definitive records were 
left by Leonardo da Vinci'*:**’, whose astute observa- 
tions of flying birds certainly gave him a clear under- 
standing of the importance of the position of the centre 
of gravity of a flying entity with respect to the centre of 
pressure on the supporting surfaces. He believed that 
with suitable surfaces man could fly by the unaided 
power of his own muscles, and discussed the mainten- 
ance of flight equilibrium by movements of the pilot’s 
body to properly adjust the position of the centre of 
gravity of his craft. In addition to these contributions, 
Leonardo conceived the rotating propeller and its use 
in machines much like our present-day helicopters. 

For some centuries after Leonardo, aeronautics 
remained largely in a state of pure speculation and, 
although the every day actions of birds remained a con- 
stant challenge for the construction of heavier-than- 
air machines, man’s adventures in the air did not 
actually begin until the latter part of the eighteenth 
century. At this time, experiments with balloons became 
popular and continued to hold the centre of the stage 
for approximately one hundred years. Ballooning was 
never particularly useful for either war or peace because 
of navigational and control difficulties with craft that 
could only drift with the wind and, in addition, had a 
low level of safety in operation. Rigid or semi-rigid 
airships with power gave a limited independence from 
air movements, but remained catastrophically 
vulnerable to violent winds that they hold a very minor 
place in present-day aeronautics. In any case, lighter- 
than-air craft do not enter into the story of the Wright 
brothers and, for this reason, will not receive further 
attention here. 

The first stirring of the air age to come began with 
Sir George Cayley, who, writing in ‘ Nicholson’s 
Journal”) for November 1809, February 1810, and 
March 1810, commented on reports that a Viennese 
watchmaker by the name of Degen had succeeded in 
raising himself in the air by mechanica] means. Although 


FiGure 3. Illustrative landing-approach problem. 


Degen apparently never revealed all the details of his 
machine, Cayley gave his opinion that man could fly, 
but would probably require power in addition to his 
own muscular effort. In part, Cayley said, 


“ . I feel perfectly confident, however, that 
this noble art [flying] will soon be brought home 
to man’s general convenience, and that we shall be 
able to transport ourselves and families, and their 
goods and chattels, more securely by air than by 
water, and with a velocity of from 20 to 100 miles 
per hour. 

“To produce this effect, it is only necessary to 
have a first mover, which will generate more power 
in a given time, in proportion to its weight, than the 
animal system of muscles.” 


Cayley did not stand on the authority of his state- 
ments alone, but cited calculations on engine power and 
the lifting effects of cloth surfaces as a function of area 
and air speed. He described the essentials of a flying 
machine in some detail and included a discussion of 
stability in flight that correctly accounted for the effects 
of moments due to gravity acting at the centre of mass, 
and the centre of pressure as it moves over the wing 


4 
af 


CORRECT DIRECTION **— 
ACTUAL DIRECTION 
LINE OF SIGHT 


a 


Ficure 4. Illustrative problem for an all-manoeuvre flight 
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surface in flight. He recognised the need for movable person who invented and obtained a patent for ‘ 
tail surfaces to realise control in flight. He said, this engine, but from some minutes with which |} ” 


was favoured by Mr. William Chapman, ciyj 
engineer in Newcastle, I find that 80 drops of the { 
oil of tar raised eight hundred weight to the height 
of 22 inches; hence a one horse power may con. 
sume from 10 to 12 pounds per hour, and the ? 
engine itself need not exceed 50 pounds weight. | 
am informed by Mr. Chapman, that this engine was 
exhibited in a working state to Mr. Rennie, Mr } a 
Edmund Cartwright, and several other gentlemen, | ‘ut 
capable of appreciating its powers; but that it was| *' 
given up in consequence of the expense attending » 
its consumption being about eight times greater / 
than that of a steam engine of the same force. 
“Probably a much cheaper engine of this sort 
might be produced by a gas-light apparatus, and 
by firing the inflammable air generated, with a} *" 
due portion of common air, under a piston. Upon 
some of these principles it is perfectly clear, that } 
force can be obtained by a much lighter apparatus} rec 
than the muscles of animals or birds, and therefore} im 
in such proportion may aerial vehicles be loaded} wo 
with inactive matter. Even the expansion steam{ ass 
engine doing the work of six men, and only weigh. 
ing equal to one, will as readily raise five men into \ Str 
the air, as Mr. Degen can elevate himself by his) pr 
own exertions; but by increasing the magnitude of} es 
the engine, 10, 50, or 500 men may equally well be}, of 
conveyed; and convenience alone, regulated by the} Ad 
strength and size of materials, will point out they“ 
limit for the size of vessels in aerial navigation.” | ‘re 


“To render the machine perfectly steady, and 
likewise to enable it to ascend and descend in its 
path, it becomes necessary to add a rudder in a 
similar position to the tail in birds. [This rudder 
evidently corresponded to the complete tail in 
modern aircraft.] 

“... The elevation and depression of the 
machine are not the only purposes, for which the 
rudder is designed. This appendage must be 
furnished with a vertical sail, and be capable of 
turning from side to side, in addition to its other 
movements, which effects the complete steerage of 
the vessel. 

“All these principles, upon which the support, 
steadiness, elevation, depression, and steerage, of 
vessels for aerial navigation, depend, have been 
abundantly verified by experiments both upon a 
small and a large scale. Last year I made a 
machine, having a surface of 300 square feet, which 
was accidentally broken before there was an oppor- 
tunity of trying the effect of the propelling appara- 
tus; but its steerage and steadiness were perfectly 
proved, and it would sail obliquely downward in 
any direction, according to the set of the rudder. 
Even in this state, when any person ran forward 
in it, with his full speed, taking advantage of a 
gentle breeze in front, it would bear upward so 
strongly as scarcely to allow him to touch the 
ground; and would frequently lift him up, and 
convey him several yards together. 


“The best mode of producing the propelling In addition to his coverage of stability and controlf ™ 
power is the only thing that remains yet untried problems and the means for propulsion, Cayley also bu 
toward the completion of the invention. I am pre- anticipated problems of structures and aerodynamics} an 
paring to resume my experiments upon this subject that were not fully formulated until over a century after M 
and . . . hope that others may be induced to give his time. His ideas on control and propulsion were) 
their attention towards expediting the attainment realistic to a degree that could only be the result off P° 
of this art.” genius considering that he lived and worked well before) °' 

Cayley was an extraordinary man who worked in the state of the art in many essential fields had developed - 
many fields. His contributions to aeronautics are - = levels necessary for building man-carrying flying ar 
described in an excellent paper recently presented b 
Captain J. L. Pritchard”) First Cayley’s discussions of “ mechanical flight crystal- 
Lecture. lised the problems involved into five categories: fyi 

Cayley *'*') was greatly concerned with the problem 1. Structures. ord 
of power for aircraft. He investigated the possibilities 2. Propulsion. des 
of the Boulton and Watt steam engine and concluded 3. Aerodynamics (lifting surfaces). bra 
that it should provide ample power for flight, but he 4. Stabilit in 

y. 
was not entirely satisfied with the prospects, for he says: : pre 
5. Flight control. 

It may seem superfluous to inquire farther stal 
relative to first movers for aerial navigation; but In the century following Cayley’s work, structural) —v 
lightness is of so much value in this instance, that weaknesses certainly caused many accidents, but were! cor 

it is proper to notice the probability that exists of seldom considered as limiting factors in the construc- 
using the expansion of air by the sudden com- tion of experimental models. Engines with improved) mei 
bustion of inflammable powders or fluids with performance were required for flight, but most of the pro 
great advantage. The French have lately shown the . men working to develop aircraft apparently had confi) Per 
great power produced by igniting inflammable dence that power would be available some day by thel wit 
powders in close vessels; and several years ago an normal evolution of existing engines. A number of fac 
engine was made to work in this country in a investigators, including Sir Hiram Maxim‘?:***”, took} his 
similar manner, by the inflammation of spirit of engines and propellers as their particular areas of Lil 


tar. I am not acquainted with the name of the endeavour. The importance of aerodynamic form was) Sca 
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S. DRAPER 
PITCH AXIS 
ROLL 
AXIS YAW AXIS 
representation based on a NOTE. 1. The roll and yaw axes are 
—s appearing in *‘* Aero- in the plane of symmetry 
fonetics by F. Lanchester, of the aircraft. 
published by Archibald Constable 2. Rotations about the pitch 
co. Ltd., London, 1908. axis and velocity com- 
; ponents in the plane of 
symmetry are called longi- 
> tudinal motions. 


3. Rotations about the roll 
and yaw axes and motion 
at right angles to the plane 
of symmetry are called 
lateral motions. 


Ficure 5. Illustrative diagram of an aerodone (soaring glider 
with fixed surfaces). 


recognised, but was considered as of perhaps secondary 
importance because it was known that even flat surfaces 
would give the necessary lifting effect if they were 
associated with sufficient power. 

In the years between 1840 and 1850, Henson and 
Stringfellow designed and built steam-powered, 
propeller-driven without substantial suc- 
cess. A series of attempts at the design and construction 
of man-carrying flying machines was made by Clément 
Ader'*?:**:**.4°) working from 1886 to 1897. His 
“ Avions ” started controversies that still exist about the 
credit due to Ader as the first man to fly in a powered 
machine. It may be that he actually made short hops, 
but he certainly did not achieve controlled flight for 
even brief periods. 

It is notable that Henson, Stringfellow, Ader and 
Maxim all directed their attention primarily toward 
power plants, propellers and lifting surfaces without 
extended efforts to solve the problems of stability and 
control. 

Stability was recognised by the pioneers of flying as 
a problem closely associated with control, but different 
from the more familiar fields of structures and propul- 
sion. Because of this difference, would-be builders of 
flying machines were usually driven to experiments in 
order to be reasonably sure that their man-carrying 
design would be manageable in flight. The Wright 
brothers made their essential contribution to aeronautics 
in the realm of stability and control. Because our 
present concern is primarily with their contribution, 
stability and control will receive the centre of the stage 
—with structures, propulsion, and aerodynamics being 
considered only incidentally. 

There is no doubt that the ultimate goal of all the 
men who worked in aeronautics was a solution for the 
problem of man-carrying flight. To this end, Alphonse 
Pénaud®*: ** 28) jn 1870 built powered model gliders 
with automatic stability designed into elastic tail sur- 
faces; Lanchester designed and developed theory for 
his aerodones (flying models with fixed surfaces): 


as of 
n was 


Pilcher?*:**) and Chanute®® flew full- 
scale gliders; and Langley*’:**) with his able assistant, 
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Manly°®, experimented with steam-powered model 
aerodromes. These men understood very well the neces- 
sity for stability in any successful flying machine, but 
they all followed the philosophy of making the flying 
machine inherently stable so far as possible, leaving the 
human pilot a job of steering similar to that he would 
have in directing the course of a ship on the water. 
The state of mind more or less common among the 
proponents of gliding as a preliminary to a complete 
flying machine is well summarised by Chanute®* in an 
article for The Aeronautical Annual of 1897°°): 


“. . ultimately reached the conclusion that 
the contingent compassing of artificial flight by 
man involved the study of at least ten separate 
problems, or the devising of means for observing 
and mastering the conditions enumerated as 
follows : 

The resistance and supporting power of air. 
The motor, its character and its energy. 
The instrument for obtaining propulsion. 
The form and kind of the apparatus. 

The extent of the sustaining surfaces. 
material and texture of the apparatus. 
The maintenance of the equilibrium. 

The guidance in any desired direction. 
The starting up under all conditions. 

The alighting safely anywhere. 


— 


= 
oO 


= 


“Tt is probable that some of these problems can 
be solved in more ways than one, and these solu- 
tions must then be harmoniously combined in a 
design which shall deal with the general problem 
as a whole, before the best possible result is 
attained. 


“| further reached the conclusion that the 
seventh problem, the maintenance of the equili- 
brium under all circumstances, was by far the most 
important, and the first which should be solved; 
that until automatic stability, at all angles of flight 
and conditions of wind, was evolved, and safety 
thereby secured, it would be premature to seek to 
apply a motor or a propelling instrument in a full- 
sized machine, as these additions would introduce 
complications which might be avoided at the 
beginning.” 


It is important to note that the high degree of 
inherent stability built into the gliders of Lilienthal, 
Pilcher, and Chanute caused all these craft to respond 
very strongly to gusts and variations in the wind. At 
the same time, the stability prevented the pilot from 
exercising enough control to correct effectively for 
deviations in orientation due to air disturbances. The 
truth of this statement is supported by the careful 
observations of wind velocity that accompanied every 
gliding flight and the limitation of operations to periods 
with winds less than some rather low maximum speed. 

The essential features associated with the stability 
and control of inherently stable models and gliders are 
represented in the pictures and diagrams of Figs. 5-11. 
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FiGureE 7. Lilienthal glider. 
(From a photograph in the 1897 “Aeronautical Annual’) 


These figures are not complete in that they are simpli- 
fied and contain only the information that is of interest 
for present purposes. 

Figure 5 shows the construction of a typical fixed- 
surface soaring glider (aerodone) used by Lanchester“? 
in his researches on stability. The wing, the horizontal 
tail surface, and the centre-of-gravity location combined 
to establish longitudinal stability and determined the 
phugoid oscillation that Lanchester took as a primary 
subject in his investigations. The vertical surfaces con- 
tributed lateral stability about the yaw axis, while all 
the surfaces contributed to roll-axis stability. Fig. 6 is 
an illustrative functional diagram for an aerodone, with 
the earth’s gravitational field and air density shown as 
two of three inputs. The linear vector velocity of the 
air mass with respect to the earth is the third input. 
The linear vector velocity of the aircraft with respect to 
the earth is the essential output. To facilitate the repre- 
sentation of physical quantities in Fig. 6 for purposes 
of discussion, self-defining notation is used. With this 
notation, the single, simple set of conventions given in 
the figure makes it possible to write down immediately 
the symbols that effectively transfer information, for 
any situation however complicated, without continual 
reference to a list of definitions like that shown in Fig. 6 
for illustrative purposes. 

In Fig. 6, the wing, the vertical tail, and the 


Figure 8. Partial flight control by moving pilot’s mass with 
respect to glider. 


(Based on sketches in the \897 “Aeronautical Annual” ®)) 
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FiGcure 9. Lilienthal glider in flight. 
(Courtesy of the Deutsches Museum in Munich, Germany) 


horizontal tail all receive as one input the velocity of 
the air mass in which they move. The linear and 
rotational velocities imparted to them by their rigid 
connection to the fuselage combine to produce a velocity 
that acts as a second input for each surface. The 
resultant motion with respect to the air mass and air 
density as a modifying input determines the aero- 
dynamic forces acting on the surfaces, and these in turn 
apply forces and torques to the fuselage. The fuselage 
also receives a force from the mass of the complete 
system. When the origin of co-ordinates has an arbitrary 
location, the mass effect will also apply a torque to the 
fuselage about this origin. This torque component dis- 
appears when the origin of co-ordinates is taken at the 
centre of gravity of the flying system. 

The equations of motion written by Bryan™ and 
Lanchester’ are essentially summations of forces and 
torques that might be based on a diagram like that of 
Fig. 6. In these equations, linear motions along, and 
rotational motions about, the roll, pitch, and yaw axes 
are the essential variables. The equations also include 
stability derivatives that describe the actions of the 
aerodynamic surfaces in producing forces and moments 
from relative air velocity components. These deriva- 
tives represent the essential facts of flight behaviour for 
the exposed surfaces of any flying system. When 
inertia reaction and gravitational effects are added to the 
aerodynamic effects, the resulting six differential equa- 
tions make it possible to determine the dynamic 
behaviour of any flying system with fixed or freely float- 
ing control surfaces. The required analysis is greatly 
simplified when small deviations from steady flight are 
considered. 

The functional diagram of Fig. 6 is not particularly 
helpful for the simple case of the aerodone. However, 
the usefulness of the functional diagram representation 
increases as the system to be described becomes more 
complex. In particular, diagrams of this kind make it 
possible to write performance equations easily for 
situations that would be very difficult to handle by the 
simple torque and force summation procedure used in 
deriving the conventional dynamic equations for aircraft. 


In describing his experiments in aerodonetics, 
Lanchester™ noted that best results were obtained when 
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flights were made in a closed room or outside in quiet 
air. When men began gliding experiments that perforce 
had to be outside, it soon became apparent that inherent 
stability had to be supplemented by some measure of 
control on the part of the pilot. Lilienthal®*.*®, for 
example, became very skilful in moving his body with 
respect to the glider so that his craft was stabilised about 
a desired equilibrium flight path. 


Figure 7 is a photograph of a Lilienthal glider show- 
ing how the pilot supported himself on the structure 
of the machine by means of his arms and hands. In 
flight, the pilot moves his weight with respect to the 
glider structure in the way illustrated in Fig. 8. Fig. 9 
is a photograph of Lilienthal in full gliding flight, with 
his body acting as a flight-control element. 


Figure 10 is the functional diagram for a flying 
system consisting of a Lilienthal-type glider aid its 
pilot. This diagram is generally similar to Fig. 6, the 
corresponding diagram for the fixed-surface glider, 
except for the division of the total mass of the system 
into a fixed mass and a movable mass. The movable 
mass is the pilot’s body, which he supports by his arms 
and shoulders from a framework attached to the fuse- 
lage. The pilot’s senses, nervous system, and brain also 
perform essential functions as components of the flying 
system. The pilot’s eyes and associated parts of his 
brain and nervous system enable him to receive the 
orientation and position of the fuselage as feedback 
information and to compare these data with the earth 
geometrical reference. The earth geometrical reference 
includes the visible parts of land, water, and sky that 
provide a fixed frame of reference that may be used by 
the pilot for judging the situation of his craft. The con- 
dition of the fuselage with respect to this framework 
initiates nerve signals that pass to the pilot’s brain, 
where the actual relative orientation and position of the 
glider are evaluated in terms of the desired relative 
orientation and position. The result is a correction 
signal from the brain that depends on the estimated 
deviations of the fuselage from its desired orientation 
and position. This correction signal is passed along to 
the proper brain centres for generating nerve signals that 
cause the pilot’s muscles to move the pilot’s body into 
the proper position for correcting the geometrical 
deviations of the glider. 


The actual process by which the human senses, 
brain, nervous system, and muscles co-operate to move 
the body in carrying out the required continuous series 
of corrections in orientation is much more complicated 
than the diagram of Fig. 10 suggests. For example, the 
ability to estimate the correction in terms of body 
positioning for maintaining stability in rough air 
depends on considerable practice. In addition to this 
function, the human pilot also has the ability to decide 
on what path he wishes the glider to follow. For the 
purposes of discussion, it is convenient to consider that 
the result of this process is a flight command signal 
which is distributed to various paths in the nervous 
system and results in co-ordinated impulses being dis- 
tributed to the muscles. For a sufficiently skilful pilot. 
the motion of his body acts on the glider to produce an 


— 


equilibrium flight path that is substantially identical with 
the equilibrium path he desires to command. 

The feedback of actual orientation and actual 
position of the fuselage and comparison with the pilot's 
earth geometrical reference by his sensory system, pro. 
duce correction signals that result in a continuoys | 
refinement of the actual equilibrium flight path toward 
the command equilibrium flight path. This refinement 
of the actual equilibrium flight path must be carried oy 
in the presence of continuous stability corrections for the 
actual aircraft orientation to compensate for deviations 
caused by the interfering effects of rough air and errors 
made by the pilot in positioning his body. As far as the ¢ 
pilot’s senses are concerned, only a single resultant 
orientation correction exists at any given instant. His 
brain and nervous system must take this correction as 
the essential input and effectively separate the com. 
ponent due to interference, that is, the stability. 
generating component, from the flight-path-correcting 
component and apply the proper resultant change in 
position to his body. When this change in body position 
improves the situation, the flying system is stable. When 
the change in mass position in response to an observed 
correction is in a direction that causes the correction to 
increase, the flying system is unstable and will in all 
probability come to grief. 

When the human pilot is used to supply essential 
functions in a flying system of the Lilienthal-glider 
type, he can do an acceptable job only after he has: 


1. Learned to observe required orientational 
corrections properly. 


2. Learned to give responses in the proper 
direction for stability. 


3. Become skilful enough to give these 
responses rapidly so that deviations from the 
equilibrium conditions will remain accept- 
ably small. 


4. Learned to establish desired equilibrium 
paths. 


5. Learned to issue internal command signals 
that cause proper components of the 
position of his centre of mass with respect 
to the aircraft to make the actual equilibrium 
path approach the command equilibrium 
path. 


This list of items illustrates the complexity of the 
problems that confront the human pilot when he serves 
the purposes of several components in the control chain 
of a flying system. The interesting fact is that with a 
reasonable amount of practice Lilienthal, Pilcher, 
Chanute and many others were all able to make a very 
great number of successful gliding flights. The human 
being was actually so effective in his control-system 
duties that glider designers generally turned towards 
means for giving the human pilot more power over his 
craft. It became obvious that the already complex jobs 
he was carrying out in flight did not by any means com- 
pletely utilise all of his possibilities. 
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Ficure 11. Langley’s Aerodrome in flight. 


(From a photograph in the 1897 “Aeronautical Annual” *") 


Langley’s Aerodromes 

and Manly’?*’, working under the 
sponsorship of the Smithsonian Institution, approached 
the problem of man-carrying aircraft by the way of 
fundamental research and steam-powered flying models. 
They designed, constructed, and flew a number of suc- 
cessful small craft. Only accidents due to launching 
difficulties and structural weaknesses in wing construc- 
tion prevented a successful flight with a human pilot on 
8th December 1903. An aeroplane with the essential 
features of the aerodrome that was wrecked in Langley’s 
1903 attempt performed satisfactorily in flight on 14th 
September 1914. Fig. 11 is a photograph showing the 
tandem-wing and the tail construction used by Langley 
in his aerodromes. 

Langley’s design objective was an aerodynamically 
stable craft that would hold the proper equilibrium 
orientation and flight path automatically because of 
aerodynamic design and a Pénaud-type tail structure. 
With stabilisation achieved automatically, the human 
pilot had only to steer the craft by means of the vertical 
tail for turns and an elevator system for rising or 
descending. In the very detailed and beautifully written 
reports by Langley and Manly on their prodigious 
labours in handling all the problems from aerodynamics 
through structures and propulsion to stability and con- 
trol, there is no hint of dependence on the human pilot 
for essential functions in stabilisation of his craft. 


Any discussion of the beginnings of modern aero- 
nautics is definitely incomplete unless the work of Sir 
Hiram S. Maxim™*:**.**) is mentioned. Sir Hiram’s 
efforts in England roughly paralleled the progress of 
Langley in the United States, and many of his con- 
clusions with regard to experimental aerodynamics and 
flying models checked well with those of Langley. 
Maxim was personally wealthy from his interests in guns 
and other mechanical devices. He could afford to go all 
out in building a full-scale, powered aircraft and 
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actually constructed a machine that proved itself capable 


of lifting off the ground with a full load. At the time 
Maxim was interested in the performance of his high 
powered steam plant, its propellers, and the associateg 
lifting surfaces, rather than in stability and control. To 


prevent these last two awkward problems from cop. | 


fusing the issue before other items in the system were 
thoroughly tested, he provided a track for his machine 
with an outrigger system of inverted rails to prevent a 
rise of more than two feet off the ground. The tests came 
to an end when the lifting forces proved to be so large 


that the structure of the restraining system failed and | 


the potential flying machine was wrecked. 


A 
Although Maxim himself was more interested jn / 


power than in gliding, the distinguished glider pilot 
Pilcher adds the words “ Experimental Department of 
Hiram S. Maxim” to his name on an article for the 
1897 issue of The Aeronautical Annual®®. This js 
good evidence that Sir Hiram was very familiar with 
gliders and the current attempts to solve stability and 
control problems. It appears that both Maxim and 
Pilcher followed the accepted goal of designing towards 
inherent aerodynamic stability in aircraft. 

Sir Hiram’s writings’ after the success of the 
Wright brothers pointed out that in his opinion no new 
element had been introduced by their work, so that they 
were receiving improper credit. It is fitting to end the 
build-up of the stage setting for the Wright brothers’ 
contribution to aeronautics with this opinion because 
it dramatises how their real contribution was almost 
completely missed for years after their work. Even 
fifty years later this fact is seldom clearly recognised. 


The Inherent Unstable Aircraft— 

Stable Flying System of the Wright Brothers 
Wilbur and Orville Wright certainly deserve the 

highest praise for their construction of a flying machine 

with enough structural integrity to withstand the strains 

of operation, enough surfaces to lift off the ground, 


enough thrust from rotating propellers to sustain } 


flight, and a control lever and a control yoke adapted 
for convenient operation by the human pilot. Yet all 
of these things had been done before, some of them 
many times. 

Man-carrying gliders with adequate structures and 
lifting surfaces were commonplace before the Wright 
brothers began. Sir Hiram Maxim had certainly 
demonstrated more than adequate power for flight, and 
Langley’s largest aerodrome with Manly’s internal com- 
bustion engine was not handicapped by its propulsion 
system. In addition to the Lilienthal-shifting-weight 
type of control, Chanute®® designed movable tail sur- 
faces positioned by lines carried over pulleys to the 
pilot’s hands, so that moving control surfaces were used 
before the Wrights began their work. In the same craft, 
Chanute introduced three-axis control by his two tail 
surfaces and provisions for a lateral shift of the pilot’s 
body. 

The first powered flights by the Wright brothers at 
Kitty Hawk on 17th December 1903 occurred just nine 
days after the combination of poor structure and poor 
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juck in launching put Langley’s aerodrome out of the 
running in the race for first honours in demonstrating 
a practical flying machine able to carry a man. 


The success of Wilbur and Orville Wright. where 
others had failed was based not on directly visible 
features of their aeroplane but on a mental attitude of 
the brothers themselves that represented a clean break 
with a universally held dogma in aeronautical thinking. 
This dogma was generally taken as axiomatic and dic- 
tated that aircraft should be made inherently so stable 
that the human pilot would only have to steer the 
vehicle, playing no part in stabilisation. The Wright 
brothers rejected this principle; they deliberately made 
their aeroplane with negative stability and depended 
on the human pilot to operate movable surface 
controls so that the flying system, consisting of pilot 
and machine, would be stable. \n effect, the inherent 
abilities of human beings to observe and evaluate 
situations and to react swiftly with proper control 
motions were used to replace built-in aircraft stability. 
The all-important reward for requiring the pilot to 
provide essential functions in the stabilising system was 
a great increase in manoeuvrability and controllability 
of the aircraft as part of a flying system. This improve- 
ment in performance possibilities provided all that was 
needed to make powered flight practical and begin the 
fantastic trail of developments that has led to the air- 
craft of today. The end is not yet—in the next few years 
we shall certainly see revolutionary developments in 
machines that go through the air. It is equally certain 
that these machines will very often be unstable com- 
ponents of flying systems that are made stable, not by 
men but by devices that perform the same function that 
the human pilot provided for the first time in the 
aeroplane of Kitty Hawk in December 1903. 


Wilbur and Orville Wright were primarily men of 
effective thinking and action, but their output in written 
material was very low. The beautifully executed 
memoirs of Langley and Manly, the works of Sir Hiram 
Maxim, the articles by Lilienthal and by Chanute, to 
name but a few who wrote about theory and also made 
great experimental contributions to aeronautics, all 
overshadow the formal records left by the Wright 
brothers. Until recently, magazine articles’, a series 
of lectures, some reports before engineering societies, 
and a few chapters in a book on aviation'**) made up the 
sources of direct information on the thoughts of Wilbur 
and Orville Wright as they prepared to initiate a major 
change in the progress of modern civilisation. 

This situation has greatly improved since 1943 when 
Kelly ‘*’ published his biography authorised by Orville 
Wright. The later Miracle at Kitty Hawk by Kelly‘** 
and the authoritative compilation of information edited 
by McFarland'"*®) in The Papers of Wilbur and Orville 
Wright make it possible to follow the thinking and 
technical work that changed aircraft from dreams to 
realities of the everyday world. 


Much of the written material that is available from 
the Wright brothers deals with events as they occurred 
during the building and flying of gliders and powered 
machines. Because the motives behind this work are of 


particular interest, the following expression of ideas by 
Wilbur Wright* is basically important :— 


“The difficulties which obstruct the pathway to 

success in flying-machine construction are of three 
general classes: (1) Those which relate to the con- 
struction of the sustaining wings; (2) those which 
relate to the generation and application of the 
power required to drive the machine through the 
air; (3) those relating to the balancing and steering 
of the machine after it is actually in flight. Of 
these difficulties, two are already to a certain 
extent solved. Men already know how to construct 
wings or aeroplanes, which, when driven through 
the air at sufficient speed, will not only sustain the 
weight of the wings themselves, but also that of the 
engine and the engineer as well. Men also know how 
to build engines and screws of sufficient lightness 
and power to drive these planes at sustaining speed. 
Inability to balance and steer still confronts 
students of the flying problem, although nearly ten 
years have passed. When this one feature has been 
worked out, the age of flying machines will have 
arrived, for all other difficulties are of minor 
importance. 

“The person who merely watches the flight of 
a bird gathers the impression that the bird has 
nothing to think of but the flapping of its wings. As 
a matter of fact, this is a very small part of its 
mental labour. Even to mention all the things the 
bird must constantly keep in mind in order to fly 
securely through the air would take a considerable 
time. If I take a piece of paper and, after placing 
it parallel with the ground, quickly let it fall, it will 
not settle steadily down as a staid, sensible piece of 
paper ought to do, but it insists on contravening 
every recognised rule of decorum, turning over and 
darting hither and thither in the most erratic man- 
ner, much after the style of an untrained horse. Yet 
this is the style of steed that men must learn to 
manage before flying can become an everyday 
sport. The bird has learned this art of equilibrium, 
and learnt it so thoroughly that its skill is not 
apparent to our sight. We only learn to appreciate 
it when we try to imitate it. 

“Now there are only two ways of learning to 
ride a fractious horse: one is to get on him and 
learn by actual practice how each motion and trick 
may be best met; the other is to sit on a fence and 
watch the beast a while, and then retire to the house 
and at leisure figure out the best way of overcom- 
ing his jumps and kicks. The latter system is the 
safer, but the former, on the whole, turns out the 


*This quotation is taken directly from Turner's The Romance 
of Aeronautics), published in 1912. The original source is 
a lecture delivered before the Western Society of Engineers, 
Chicago, 18th September 1901. Substantially the same text 
is a part of the lecture as given in McFarland“), pp. 99-104, 
except for the omission of the three paragraphs preceding the 
last paragraph in this quotation. These paragraphs apparently 
were inserted by Wilbur Wright when he reviewed the material 
for use in Turner’s book. 
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larger proportion of good riders. It is very much 
the same in learning to ride a flying machine. If 
you are looking for perfect safety, you will do well 
to sit on a fence and watch the birds; but if you 
really wish to learn, you must mount a machine and 
become acquainted with its tricks by actual trial. 

“The balancing of a gliding or flying machine 
is very simple in theory. It merely consists in 
causing the centre of pressure to coincide with the 
centre of gravity. 

“In actual practice,” continues Wilbur Wright. 
“ there seems to be an almost boundless incompati- 
bility of temper, which prevents their remaining 
peaceably together for a single instant, so that the 
operator, who in this case acts as a peacemaker, 
often suffers injury to himself while attempting to 
bring them together. If a wind strikes a vertical 
plane, the pressure on that part to one side of the 
centre will exactly balance that on the other side, 
and the part above the centre will balance that 
below. This point we call the centre of pressure. 
But if the plane be slightly inclined, the pressure 
on the part nearest the wind is increased and the 
pressure on the other part decreased, so that the 
centre of pressure is now located, not in the centre 
of the surface, but a little towards the side which 
is in advance. If the plane be still farther inclined, 
the centre of pressure will move still farther for- 
ward. And, if the wind blow a little to one side, 
it will also move over as if to meet it. Now, since 
neither the wind nor the machine, for even an 
instant, maintains exactly the same direction and 
velocity, it is evident that the man who would trace 
the course of the centre of pressure must be very 
quick of mind; and he who would attempt to move 
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his body to that spot at every change must be very | 
active indeed. Yet that is what Lilienthal attem 
ted to do, and did with most remarkable skill, a 
his two thousand glides sufficiently attest. { 
“It seemed to us that the main reason wit the 
problem had remained so long unsolved was tha 
no one had been able to obtain any adequate prac. 
tice. Lilienthal, in five years of time, had spent only 
five hours in actual gliding through the air. The 
wonder was not that he had done so little but tha 
he had accomplished so much. It would not be 
considered at all safe for a bicycle rider to attemp 
to ride through a crowded city street after only five ‘ 
hours’ practice spread out in bits of ten seconds 
each over a period of five years, yet Lilienthal with 
his brief practice was remarkably successful in 
meeting the fluctuations and eddies of wind-gusts, 
We thought that if some method could be found 
by which it would be possible to practice by the 
hour instead of by the second, there would be a 
hope of advancing the solution of a very difficult 
problem. It seemed feasible to do this by building 
a machine which would be sustained at a speed of 
18 miles per hour, and then finding a locality where | 
winds of this velocity were common. With these 
conditions, a rope attached to keep it from floating 
backwards would answer very nearly the same pur- 
pose as a propeller driven by a motor, and it would 
be possible to practice by the hour, and without 
any serious danger, as it would not be necessary to 
rise far from the ground, and the machine would 
not have any forward motion at all. We found, 
according to the accepted tables of air-pressures 
on curved surfaces, that a machine spreading 200 
square feet of wing-surface would be sufficient for | 


Ficure 12. Wright brothers’ aero- 


plane — stabilisation control and 
directional control by a human 
pilot. 
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our purpose, and that places could easily be found 
along the Atlantic coast where winds of 16 to 25 
miles were not at all uncommon. When the winds 
were low it was our plan to glide from the tops of 


sandhills, and when they were sufficiently strong to 
use a rope for our motor and fly over one spot. 


“Our next work was to draw up the plans for 
a suitable machine. After much study we finally 
concluded that tails were a source of trouble 
rather than of assistance, and therefore we decided 
to dispense with them altogether. It seemed reason- 
able that, if the body of the operator could be 
placed in a horizontal position instead of the up- 
right, as in the machines of Lilienthal, Pilcher, and 
Chanute, the wind resistance could be very 
materially reduced, since only one square foot 
instead of five would be exposed. As a full half 
horse-power could be saved by this change we 
arranged to try the horizontal position. 
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“The balancing of a flyer may seem, at first 
thought, to be a very simple matter, yet almost 
every experimenter had found in this the one point 
which he could not satisfactorily master. Many 
different methods were tried. Some experimenters 
placed the centre of gravity far below the wings, in 
the belief that the weight would naturally seek to 
remain at the lowest point. It was true that, like 
the pendulum, it tended to seek the lowest point, 
but also, like the pendulum, it tended to oscillate 
in a manner destructive of all stability. A more 
satisfactory system, especially for lateral balance, 
was that of arranging the wings in the shape of a 
broad V, to form a dihedral angle with the centre 
low and the wing-tips elevated. In theory this was 
an automatic system, but in practice it had two 
serious defects; first, it tended to keep the machine 
oscillating, and second, its usefulness was restricted 
to calm air. 


“In a slightly modified form the same system 
was applied to the fore-and-aft balance. The main 
aeroplane was set at a positive angle and a hori- 
zontal tail at a negative angle, while the centre of 
gravity was placed far forward. As in the case of 
lateral control, there was a tendency to constant 
undulation, and the very forces which caused a 
restoration of balance in calms caused a disturbance 
of the balance in winds. Notwithstanding the 
known limitations of this principle it had been 
embodied in almost every prominent flying machine 
which had been built. 


“ After considering the practical effect of the 
dihedral principle, we reached the conclusion that 
a flyer founded upon it might be of interest from a 
scientific point of view, but could be of no value 
In a practical way. We therefore resolved to try 
a fundamentally different principle. We would 
arrange the machine so that it would not tend to 
right itself. We would make it as inert as possible 
to the effects of change of direction or speed, and 
thus reduce the effects of wind-gusts to a minimum. 
We would do this in the fore-and-aft stability by 
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giving the aeroplanes a peculiar shape; and in the 
lateral balance by arching the surfaces from tip to 
tip, just the reverse of what our predecessors had 
done.* 


“The method of control used by Lilienthal, 
which consisted in shifting the body, did not seem 
quite as quick or effective as the case required; so 
after long study we contrived a system consisting 
of two large surfaces on the Chanute double-deck 
plan, and a smaller surface placed a short distance 
in front of the main surfaces in such a position that 
the action of the wind upon it would counter- 
balance the effect of the travel of the centre of pres- 
sure on the main surfaces. Thus, changes in the 
direction and velocity of the wind would have little 
disturbing effect, and the operator would be 
required to attend only to the steering of the 
machine, which was to be effected by curving the 
forward surface up or down. The lateral equili- 
brium and the steering to right or left were to be 
attained by a peculiar torsion or bending of the 
main surfaces, which was equivalent to presenting 
one end of the wings at a greater angle than the 
others.” 


The Wright brothers are commonly thought to have 
worked by themselves without being greatly helped by 
the experiences of others. This opinion is certainly con- 
tradicted by the quotation given above. The results of 
Lilienthal, Pilcher, Chanute, and Langley were studied 
and intelligently applied in designing the new machine. 
Where information was incomplete, it was supplemented 
by special test work. It is especially important to note 
that the biplane structure of Chanute was chosen for the 
new aeroplane and that Chanute actually made the 
December 1903 trip’? to Kitty Hawk, although a 
business obligation prevented him from staying for the 
great event. There is no doubt that Wilbur and Orville 
were helped by available knowledge and the advice of 
men with pertinent experience. Their genius lay in being 
able to carry on beyond the limits of existing knowledge 
and practice and make a complete flying system stable 
by combining an unstable aeroplane with a skilful 
human pilot. 

Figure 12 is a pictorial view of the Wright brothers’ 
aeroplane that flew at Kitty Hawk. The pilot is in a 
prone position at one side of the engine. In his left 
hand he holds the elevator control handle, which was 
directly connected to the horizontal surfaces in front of 
the main wings. The wing-warping control had the form 
of a yoke that fitted under the pilot’s hips and changed 
the rolling moment on the aeroplane with sideways 
motions of his body. The vertical surfaces located just 
behind the main wings were connected to the wing- 
warping control, so that yawing moments were co- 
ordinated with rolling moments. This inter-connection 
of the control surfaces about the roll and yaw axes made 
the Wright machine effectively a two-control aeroplane, 
although in operation, moments were applied about 
three axes. For patent purposes, the mechanical con- 


*Italics by C. S. Draper. 


that 
"Prac. 
it Only 

The | 


| | 
" 
| LON SNOLLINIG4C TOHWAS ONY ON49497 HOVIO ONDA DINE TAS 
| 
| | | 39¥135N4 40 WOLLISOd 39V73SN4 40 | | 
| | 
| 
| | | 
< | 
| | 
(4) 
| 3 TONY BOLWAITI 
tt | | i! | | 
| | | 
w | | | | | 
< | 
< H | | 
~ | | | | 
+4), 
(aa) a 4 
Ow 
; | NOILISOd ONW ! 
| 
ro) | | | | | 
| 
= | | ! | 
| | | | 
| | | 
SWO3d 
| | | | | | 
= | | | 
' 
| | | 
| " (spe) | 4065) 
A | | 
a | | 10; | 
| | | 
| ALIGNIO 
uty 


95 
| 
: 
5 
E 
E 
2 
a: 
Sey) 
# 


(1955 


cS. DRAPER 


: 


nection of roll control with yaw control was considered 
as a crucial point, but practical men soon discovered 
that giving the pilot independent controls for each of 
the three axes was more effective than the two-control 
system with roll and yaw control motions _inter- 
connected. 

Most of the early Wright brothers’ flights were at 
low altitudes and were intended to build up flying skill 
with safety. It was soon apparent that the pilot could 
easily stabilise an inherently unstable aeroplane, if air 
gusts were not too severe, and at the same time enjoy 
an excellent degree of manoeuvrability of the system. 


Figure 13 is a functional diagram for a three-axis 
control* aeroplane with a human pilot. This diagram 
is similar to the corresponding diagram for the movable- 
mass-controlled glider except for the addition of a 
propulsion system, ailerons to the wing, a rudder to the 
vertical tail, an elevator to the horizontal tail, and a 
control drive system that is moved by the pilot to 
position the control surfaces. The photograph of Fig. 14 
shows wheel, post, and rudder controls in a passenger 
aeroplane. The wheel is rotated to move the ailerons; 
the post is moved backward and forward to work the 
elevators; and the rudder bar is rotated with the feet 
to move the rudder itself. For many years it has been a 
fact of common experience that human pilots can co- 
ordinate three-axis controls, provide stability, and also 
cause their craft to follow accurately flight paths that 
they may elect to command. In clear weather, trained 
human pilots and normally unstable+ aeroplanes form 
flying systems that leave little to be desired in flight 
control performance. 


Instrument Flying 


Human pilots do an excellent job of flying when an 
earth geometrical reference is available to their eyes. 
This requirement is stressed in the functional diagram 
of Fig. 13 by showing the earth geometrical reference 
as an input to the sub-system for generating correction 
signals to the pilot’s muscles. Once visual contact with 
the earth is lost because of night or bad weather con- 
ditions, one of the primary inputs for the pilot is lost 
and he becomes helpless as a sub-system for applying 
corrective actions for the aeroplane controls. This 
unpleasant fact makes it necessary either to provide sub- 
stitute earth reference information, or restrict flying to 
clear-weather conditions. The young and vigorous 
field of aviation did not tolerate this limitation for long, 
and today proper instrument equipment makes it pos- 
sible for qualified pilots to fly safely with no visual 
reference to the earth, except perhaps in the final stages 
of landing. 


*This diagram applies to a conventional aileron-rudder-and- 
elevator system, rather than to the first Wright aeroplane. 


tAs the term is used here, “ normally unstable aeroplanes ” 
means aeroplanes that by themselves (without the presence of 
a pilot) do not have acceptable stability. 


FicureE 14. Instrument flying board and controls in a passenger 
aeroplane (about 1931). 


(Courtesy of the Sperry Gyroscope Co.) 


In the United States*, the first instrument was the 
gyroscopic rate-of-turn indicator, which was built by 
E. A. Sperry” in 1918 and flown by his son Lawrence 
in the same year. This device was intended to show 
turning rates with sufficient accuracy to enable the pilot 
to hold the direction of his aeroplane constant long 
enough for oscillations of the magnetic compass to 
settle down to a reliable reading. It is a historical fact 
that the rate-of-turn indicator in combination with a 
curved-tube level indicator and the normal altitude, air 
speed, rate of climb, and engine instruments, did make 
it possible for skilled pilots to practise “blind flying” 
with a reasonable degree of safety. This state of affairs 
existed for the decade between 1919 and 1929, but the 
margin of safety was too small for regular commercial 
Operations. 

In 1929 the Daniel Guggenheim Fund for Aero- 
nautics set up a project for solving the problem of flight 
without visual reference to the earth®?. Lieutenant 
James H. Doolittle was given charge of this project and 
worked with several instrument companies to develop 


*The author realises that flight instruments developed in Eng- 

land by a course that was more or less independent of 
American activities in this field. He is not familiar with the 
details of this development and will therefore omit any 
discussion of the subject before an audience that is better 
informed than he on British instruments. 
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the gyro horizon*, the directional gyro*, and the sensi- 
tive altimeter. Combining these new instruments with 
radio localisers and radio markers, Doolittle was able to 
take off, fly a specified course, and land without any 
visual reference to the earth. He first demonstrated this 
feat on 24th September 1929. Within fifteen years of 
this date, instrument flying had become a routine quali- 
fication for all commercial and military pilots. This 
requirement remains in force today and is not likely to 
be relaxed in the foreseeable future. 

The instrument panel shown in Fig. 14 is a typical 
instrument flying panel with the gyro horizon (bank- 
and-climb indicator) at the top, the magnetic compass 
at the left-hand side of the top row, followed to the 
right by the directional gyro (turn indicator) and the 
barometric altimeter. The bottom row of instruments 
from left to right includes the air speed meter, the rate- 
of-turn and ball bank indicator, and the rate-of-climb 
indicator. The instruments of this group have 
appeared somewhere on all instrument flying panels for 
many years. The relative locations usually varied from 
aeroplane to aeroplane. It is only since 1953 that a 
standard flight instrument panel arrangement has been 
agreed on by commercial flying authorities®®?. In 
addition to this advance in an established art, integrated 
instrument systems *’’ with improved components using 
combined indications have become available in recent 
years. 

Figure 15 is an illustrative functional diagram for 
an instrument flying system with a human pilot. This 
diagram differs from the diagram of Fig. 13 by the 
elimination of the earth geometrical reference and the 
addition of a gyroscopic bank-and-climb indicator, a 
gyroscopic turn indicator, and a magnetic compass. 


*E. A. Sperry, Jr., a son of Dr. E. A. Sperry, was largely 
responsible for the success of these gyroscopic instruments. 
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Although the gyroscopic instruments actually hold 
directions with respect to inertial space*, combinations 
of gyro elements with pendulous elements make it pos- 
sible for the flight instruments to show the orientation 
of their cases (which in practice are fixed to the aero- 
plane) with respect to the earth. This means that the 
pilot’s eyes looking at the indications of gyroscopic 
instruments provide sufficient information for him to 
estimate orientational corrections for the fuselage of his 
aircraft. In a similar way, observations of the magnetic 
compass give the pilot information on heading correc- 
tions. The pilot within himself generates flight control 
commands that he introduces as references for his esti- 
mates of orientational corrections, by making proper 
settings of the gyroscopic instruments and the compass. 

In the arrangement represented by the functional 
diagram of Fig. 15, the pilot has to establish the flight 
commands necessary to carry out his flight objectives 
by making separate settings for three instruments. This 
job of changing objectives into flight commands is done 
more effectively by devices like the Sperry Flight 
Director, which receives a desired flight programme as 
its input and automatically produces outputs that are 
the corresponding flight comands’*:*”. When a 


device of this kind is used, the human pilot operates | 


his controls so that the indices of a “ zero reader ” are 
kept on their zero positions. To incorporate the zero- 
reader principle, a flight director with proper inter- 
connections could be added to the functional diagram 
of Fig. 15. 


Co-ordinated Control Systems 


When the human pilot is a link in the flight control 
system, he must co-ordinate his three controls when he 
introduces stabilising corrections and also when he 
changes the orientation of his craft in causing it to 


*By definition, inertial space is the space in which Newton's 
Laws of Motion are true. Inertial space is substantially 
identical with the space that moves with the fixed stars. The 
earth’s rotation causes earth space to differ from inertial space. 
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follow flight commands. It is the necessity of reducing 
this co-ordination to the level of unconscious acts of 
skill that dictates the long hours of practice required to 
produce a qualified pilot. Even qualified pilots find it 
difficult, or impossible to achieve satisfactorily stable 
flight from certain aeroplanes under some conditions of 
operation. This may mean that the control forces are 
too heavy for human muscles to overcome continually 
during long periods of time, or it may mean that the 
inherent instability is an oscillation that is too fast for 
the pilot’s reflexes and the control drive system to over- 
come. In situations of this kind, as an alternative to 
redesigning an aeroplane or sacrificing very desirable 
performance characteristics, it is worth while to add 
instrumental components to the control surface drive 
system in such a way as to co-ordinate the control 
action for the elimination of certain aircraft instability 
components, without attention from the pilot. With an 
arrangement of this kind, the pilot operates his controls 
normally without taking any account of the troublesome 
instability. 

When the instability component to be eliminated is 
in the yaw motion of an aeroplane, the difficulty may 
be overcome by means of a “ yaw damper.” Similarly, 
a pitch instability component would be cured by a 
“pitch damper.” Measures of this type for improving 
stability by mnon-aerodynamic means are called 
“ stability augmentators,” “ artificial stability systems,” 
or “ control co-ordinators.” The resulting improvements 
in stability are said to be associated with “ artificial 
stability ” or “ersatz stability.” 


A discussion of the theory of control co-ordination 
by instrumental means is given by White™**’, who 
describes the application of a yaw damper to eliminate 
undesirable “dutch roll” characteristics from the 
B-47 jet bomber. Fig. 16 is a pictorial schematic 
diagram that shows the essential components of the 
B-47 yaw damper. An extendable push-pull tube with 
its length changed by a servo-motor is used between the 
rudder torque tube and the valve for the hydraulic 
boost cylinder, which supplies substantially all the 
moment required to position the rudder. The remaining 
components shown in Fig. 16 are associated with pro- 
viding “control feel” for the pilot when the boost is 
operating, and for operating the trim tab when the boost 
is off, or positioning the control valve when the boost 
is on. 


Figure 17 is an illustrative functional diagram 
for an aircraft equipped with a yaw damper. In 
operation the push-pull tube of Fig. 16 is lengthened 
or shortened by the yaw damper servo-motor, which is 
supplied with power controlled by signals from a rate 
gyro unit. This rate gyro unit is rigidly mounted with 
its input axis along the yaw axis of the aeroplane. The 
output signal of the yaw rate gyro unit is the input 
signal for the yaw damper servo, which produces the 
yaw damper boost valve control displacement as its 
output. In the actual system, this displacement is the 
change in length of the push-pull tube shown in Fig. 16. 
This change in length is produced by the yaw damper 
servo-motor, which receives its power from the yaw 


damper servo amplifier. A feedback link from the 
servo-motor to the amplifier ensures that the output ¥ 
displacement from the servo is accurately matched to 
the yaw rate gyro output signal. 

White'‘*) discusses the theoretical considerations 
that determine the gain and phase shift of a yaw damper 
to introduce a component of rudder displacement to 
control effectively yaw oscillations of the aircraft. He 
cites experimental results to show that yaw damper 
operation was satisfactory on the B-47 aeroplane. 

The yaw damper is only one possibility of many in 
the co-ordination of aircraft controls. In Fig. 17, blank 
spaces near the boxes that represent the wing and the 
horizontal tail indicate that control co-ordination 
systems may be associated with the roll and pitch axes, 7 
in addition to the system just described for the yaw axis, 
Co-ordination systems of this kind would actually 
realise the pre-Wright brothers ideal of complete 
inherent stability for the aeroplane, with the pilot's 
duties limited to steering his craft. The means that 
would be used for achieving this result are a far cry 
from the methods of Lilienthal, Pilcher, Chanute, and 
Langley, both in basic principles and execution, but the 
possible results would probably also be well beyond 
the wildest dreams of the pioneers. With present-day 
techniques, the pilot can finally be completely isolated 
from even the awareness of stabilisation, in the sense 
that the controls with which he has contact do not 
respond in any way to the corrections required to over- 
come interference effects due to rough air and other 
disturbances. He imposes his will on the vehicle by a 
simple operation of controls, without worrying about 
either co-ordination or stabilisation. 


Navigational Auto-pilots 


Control co-ordinating systems may reduce the efforts 
required of the human pilot in giving flight commands 
by means of his controls, but even this duty is undesir- 
able in that it requires continuous attention. The 
remedy for this condition was recognised in the early 
days of flying to lie in the development of automatic 
piloting devices, to free the pilot from continuous 
routine operations so that he could devote his mental 
powers to evaluating situations and formulating 
decisions in both routine and emergency situations. 

The desirability of non-aerodynamic auxiliaries for 
improving aircraft stability was recognised long before 
the era of power flight actually began. For example. 
the Pénaud®?*?® tail was designed to have elastic 
properties that enhanced longitudinal stability. The 
author understands* that Sir Hiram Maxim proposed 
gyroscopic stabilisation systems at the time of the 
experiments with his steam-powered aeroplane. How- 
ever, no formal record of actual work on gyro stabilisers 
appears until a few years after the Wright brothers’ 
first Kitty Hawk flights. 


*This information on Sir Hiram’s idea for stabilisation appeared 
in the discussion on Mr. Bassett’s paper) at the Fourth Anglo-— 
American Aeronautical Conference. The author has not found) 
a supporting reference in the literature. 
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It is curious that published information on early 
automatic pilots appeared almost exclusively in news- 
papers and magazines. This situation has improved 
somewhat with the years, but even today the technical 
literature dealing with flight instrument and control 
devices is much less extensive than the corresponding 
literature on aerodynamics and power plants. The 
designers and builders of “ accessories,” as instruments 
and controls are often called, have been too busy with 
their own problems to spend much time in writing, in 
addition to being hampered by the requirements of 
military classification and proprietary interests. It is to be 
hoped that historians of the future will find more com- 
plete stories on our present-day efforts at control than 
the very sketchy details that were left by the instrument 
and control engineers of the past fifty years. 


Records of the Sperry Gyroscope Company show 
that Mr. Hannibal C. Ford. who later formed the Ford 
Instrument Company, was employed in October 1909 by 
Dr. E. A. Sperry to help with the design for a gyro 
stabiliser to be installed on a monoplane owned by 
Stanley Y. Beach, who was then the editor of the 
“ Scientific American.” The installation was completed 
in April 1910. An announcement to the world was 
made in a small pamphlet by the Scientific Aeroplane 
Co. of New York"’’, who offered “ Beach Gyroscopic 
Monoplanes” for sale. The performance of the 
stabiliser was never determined because the aeroplane 
itself was not successful. 


The Beach Monoplane venture was the first work of 
Dr. E. A. Sperry in flight stabilisation. His interest 
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Ficure 18. Illustrative pictorial-schematic diagram of an automatic pilot system. 
(Courtesy of Eclipse-Pioneer Division of Bendix Aviation Corporation) 


continued and, with the background of knowledge from 
his world-famed marine gyrocompass work, the Sperry 
organisation by 1912 had designed and built the first 
real auto-pilot for aircraft. The equipment was installed} 
in the flying boat of Glenn H. Curtiss and announced) — 
to the public in articles in the “ New York Herald” off 
October 

The Sperry gyro stabiliser of 1910 was a “brute-) | 
force ” device consisting of a large rotor with its spin 
axis along the yaw axis of the aeroplane and powered 
by a belt drive from the engine. In action, the rotor 
was to resist tipping of the craft about the roll and pitch 
axes aS a “passive” device, similar to the Schlick 
stabiliser for ships. Actual tests would have shown that 
the gyro resisted rough air interference torques about 
the roll axis by applying a torque about the pitch axis, 
and vice versa. It is unlikely that the device would 
have been a practical solution for the automatic stabili- 
sation problem. On the other hand, the gyro stabiliser 
of 1912 used gyros only to establish a substantially 
horizontal plane in the aeroplane and to generate signals 
to operate servos driving the ailerons and elevators. 
Provision was made for the pilot to give flight com- 
mands by using his controls to introduce signals 
between the geometrical references provided by the) 
gyros and the servo control valves. This system was 4 
real “ break-through ” in the field of automatic control. 
because it introduced the basic elements that are 
incorporated in all servo-systems. 


For about three years after 1912, the gyroscopic| 
stabiliser benefited from a most remarkable combination) 
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of men, machines, public interest, and a favourable 
state of the art. Dr. E. A. Sperry supplied the back- 
ground knowledge, initiative, and capital; Glenn H. 
Curtiss provided the aircraft; and Dr. Sperry’s son 
Lawrence brought enthusiasm, skill, and great natural 
ability to a co-operative endeavour that temporarily 
brought the gyroscopic auto-pilot to a stage of develop- 
ment that was well ahead of its time. Young Sperry and 
his flying adventures caught the public fancy, so that 
his activities are copiously recorded in the newspapers 
and magazines of 1912-1914°?**), The climax came 
when Lawrence Sperry and the gyroscopic stabiliser, 
with the Curtiss Flying Boat, won a safety prize of 
50,000 francs offered by the Aero Club of France for 
the most stable aeroplane. This event occurred on 
18th June 1914°°.°, and was followed by about one 
year of publicised flying by Lawrence Sperry’**?. 


In the latter part of 1915, information on automatic 
flight control dwindled and then ceased altogether. 
This does not mean that activity in this field had 
stopped©”, but rather that the veil of military secrecy 
had descended. Between 1915 and 1920 pilotless aircraft 
using gyroscopic auto-pilots, with flight commands 
provided from the ground by radio, actually demon- 
strated excellent performance over ranges up to one 
hundred miles. 


After the First World War, automatic pilots were 
apparently neglected for something over ten years 
(except for some use in controlling target aeroplanes 
employed for anti-aircraft practice). The truth is that 
flight instruments and flight techniques of human pilots 
had to be brought up to a state where automatic flying 
could be fitted into a consistent state-of-the-art picture. 
By the early 1930’s, knowledge and experiment had 
brought together the essentials for a substantially com- 
plete auto-pilot. Bassett°*, who because of his long 
association with gyroscopic equipment development is 
a most competent source of information on this sub- 
ject, tells how Wiley Post insisted on using the first 
prototype of the Sperry auto-pilot for his solo flight 
around the world in 1933. Reports of Post’s flight 
aroused an interest in navigational auto-pilots that has 
continued to increase until the present day, when com- 
mercial and military aircraft almost universally carry 
automatic flight controls of some kind. The auto-pilot 
has received major help from electronics and recently 
developed methods of servo-mechanism design until it 
is now approaching almost ideal operation for normal 
commercial flight operations. 


Figure 18 is an_ illustrative pictorial-schematic 
diagram of a current automatic pilot system. The 
necessary earth geometrical reference is provided by the 
combination of a flight gyro for roll and pitch and a 
gyro-flux-gate compass for yaw. The controller provides 
a means for introducing flight commands. Altitude con- 
trol depends on an aneroid bellows with an electrical 
signal generating system. Servos with follow-up 
potentiometers are used to apply rudder, aileron, and 
elevator control forces. A fourth servo is used for 
automatic elevator trim tab adjustments. A yaw rate 
gyro supplies signals for assistance in damping yaw 


oscillations. Electrical signal generating units and 
electronic amplifiers are used to transmit information 
between components in the system. The control-surface 
servo-drive motors are supplied with power from 
magnetic amplifiers. 

Figure 19 is a cockpit view of the auto-pilot 
installation that Wiley Post used in the “ Winnie Mae.” 
The central box shows that his gyro units were similar 
to the usual flight instruments. Servo power for the 
controls was supplied by hydraulic cylinders with valves 
operated by correction signals from the gyro units. 
Flight commands were introduced by knobs on the 
front of the auto-pilot box. 

Figure 20 is an illustrative functional diagram for 
the navigational auto-pilot. The arrangement shown 
differs from the functional diagram for the flying 
systems with human pilots in that power boosts are 
required for each control surface, and the human pilot 
is no longer a part of the orientational correction signal 
generating system, or any other component of the flight 
control system. The pilot’s only obligation is to intro- 
duce flight commands that combine with the earth 
reference generated by the gyro units to establish the 
command equilibrium orientation of the aircraft. Feed- 
back through the rigid connections of the auto-pilot with 
the aircraft gives a comparison of the actual orienta- 
tion with the command equilibrium orientation to give 
the orientation correction signal. This signal contains a 
stabilisation component and also a flight-command com- 
ponent. In addition, necessary provisions for co-ordina- 
tion among the three single-axis controls are designed 


Ficure 19. Auto-pilot in Wiley Post’s “ Winnie Mae.” 
(Courtesy of the Sperry Gyroscope Co.) 
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intotheauto-pilot. This means that the human pilot occu- 
pies the position of a supervisor who only has to intro- 
duce commands and then watch his aeroplane carry 
them out. Thus, he has progressed beyond the ideal 
situation imagined by Langley where the pilot was a 
steersman only, without stabilisation duties. 


All-Manoeuvre Flight Control System 


Auto-pilots of the present day have adequate 
performance for navigational requirements when the 
primary objective of all aircraft operations is to land 
successfully at the intended destination*. Questions of 
improving reliability while reducing weight and cutting 
costs will probably never be completely satisfied, so that 
a continuous improvement of auto-pilot equipment will 
certainly occur in the future. However, in addition to 
this normal progress toward maturity of automatic 
control equipment, it is certain that new performance 
requirements will lead to the development of flight con- 
trol equipment with radically new features. The 
conditions that will probably stimulate these new 
developments are suggested in Fig. 4, where two air- 
craft are shown engaged in air-to-air-fighting. In 
situations of this kind, the primary requirement for 
flight control performance is success in combat, not a 
successful landing at a selected destination. This means 
that manoeuvres of all kinds must be realised to the 
ultimate performance limits of fantastically fast and 
powerful aircraft. To meet this specification, no possi- 
bility of improvement in operation will be neglected. 
It is probable that the distinction between control co- 
ordinating systems and auto-pilots will disappear, so 
that an integrated flight control system will actually 
become an essential part of a flight system that includes 
the airframe and its propulsion system. This trend has 
already begun, but as yet the available information is 
too meagre to allow any realistic estimate of a time 
schedule for results and the final achievement in expand- 
ing man’s power over flying machines. 


Summary 


Wilbur and Orville Wright contributed very greatly 
to aeronautics. The essence of their contribution was 
to combine an aerodynamically unstable aeroplane 
with a human pilot to produce a stable flight system 
with good controllability and manoeuvrability. Before 
the time of the Wright brothers, the necessity of an 
inherently stable vehicle for man-carrying flight was 
assumed almost without discussion. The author has 
attempted to sketch in the historical background and 
the mental attitude towards flight stability as they 
existed before the Wright aeroplane flew at Kitty Hawk 
in December 1903, and then to discuss the development 
of flight, systems that followed that momentous event. 

In order to bring some measure of coherence to a 
vast literature, in which detail has been stressed almost 
to the exclusion of basic design philosophy, it is worth 
while to attempt a graphieal representation of the 


*This concise statement of the objective for flight operations 
is given by Bassett‘??), 
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progress of flight control developments. In such a pre. 
sentation, time is naturally chosen as the independent 
variable. The other co-ordinate should be some measure 
of the attention being given currently to the field under 
discussion. All measures of this kind must ultimately 
depend upon a subjective estimate of importance by the 
person who makes the plots. Because personal opinion 
will enter in any case, it is no less valid to estimate 
several quantities and form a non-dimensional ratio 
than it is to make an informed guess at a single quan. 
tity. There is always no more than a small probability 
that any two persons will agree on the numbers chosen 
for making a given plot, so that, in the last analysis, the 
only justification for a graphical summary of flight con- 
trol is that it will stimulate discussion. With this fact # 
clearly in mind, the author presents Fig. 21 to suggest 
the course of flight control progress from the time of 
Sir George Cayley until the present. 

The ordinate chosen for the plots of Fig. 2| 
admittedly has the status of a conversation piece, with 
perhaps some usefulness in suggesting the changes in 
emphasis as they occurred in flight control develop. 
ments. This ordinate is the /nterest-Activity Product 
Ratio. By definition, this quantity is based on the pro- 
duct of some number representing the author’s estimate 
of the interest in flight control at any given time and 
some other number representing the author’s estimate 
of the activity in flight control at the same time. This 
product is called the Actual Interest-Activity Product. 
Also, by definition, the Reference Maximum Reason- 
able Interest-Activity Product is the author’s estimate 
of the maximum value of the /nterest-Activity Product 
that, except for certain special cases specified below, 
could reasonably exist under the state of the art at any 
given time. The J/nterest-Activity Product Ratio is 
formed by dividing the Actual Interest-Activity Product 
for a given time by the Reference Maximum Reason- 
able Interest-Activity Product. Once a plot is begun, 
as long as the slope of the curve is not too steep, values 
of the Reference Maximum Reasonable Interest- 
Activity Product are not too difficult to estimate. 

A plot will always be started after the conditions to 
be described are already matters of history. This means 
that a value of the Reference Reasonable Maximum 
Interest-Activity Product can be arbitrarily chosen to 
match the state of affairs that existed during an early 
part of the period covered by the plot, in which the 
effort applied appears to be near the reasonable maxi- 
mum level. After the plot is started, this reference | 
value is continued until the /nterest-Activity Product 
Ratio reaches unity. After this point, the Reference 
Reasonable Interest-Activity Product is taken as equal 
to the Actual Interest-Activity Product as long as this 
product is increasing. If the Actual Interest-Activity 
Product begins to decrease, the Reference Maximum 
Reasonable Interest-Activity Product remains constant | 
at its greatest value until the Actual Interest-Activity | 
Product Ratio again reaches unity. Thereafter, the 
reference remains equal to the value of the Actual 
Interest-Activity Product until this product begins to 
decrease, after which time the reference holds constant 
until the Actual Interest-Activity Ratio may again 
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increase to this constant value. The cycle of changes is 
repeated as many times as necessary in determining 
ordinates for any particular Interest-Activity Product 
Ratio plot. 

In estimating values of the ordinates for the plots 
of Fig. 21. the author found it difficult to imagine 
numerical values, or even dimensions, to associate with 
interest levels or activity levels. On the other hand, he 
had little trouble in estimating fractional number 
measures for the /nterest-Activity Product Ratio. The 
results as given in Fig 21, serve to dramatise to some 
extent the place the Wright brothers’ basic contribution 
holds in the history of flying machines. 


The six plots of Fig. 21 represent in order, from top 
to bottom, the /nterest-Activity Product Ratios from 
1890 until 1955 for the following types of flight control 
systems : 


1. Aerodynamically stable aircraft with human 
pilot steering. 


2. Aerodynamically unstable aircraft with human 
pilot to produce a stable flight system when 
visibility is unlimited. 

3. Aerodynamically unstable aircraft with auto- 
pilot control to produce a stable flight system 
with or without unlimited visibility. 


4. Aerodynamically unstable aircraft with flight 
instruments and human pilot to produce a stable 
flight system with or without visibility. 


5. Aerodynamically unstable aircraft with control 
system co-ordination as in 3 with auto-pilot, and 
as in 2 and 4 with human pilot. 


6. Aerodynamically unstable aircraft with  all- 
manoeuvre flight control system. | 


Appropriate names and reference numbers are 
included near rapid slope changes in the plots for men 
who contributed important results. For example, a list 
of names including Pilcher, Chanute, and Langley is 
placed on the “aerodynamically stable aircraft” plot 
just before the Wright brothers’ flight in 1903. After 
this date, the top curve decreases rapidly to somewhat 
below 0:5 and holds a fairly steady level until after the 
First World War, because a strong divergence of 
opinion en the desirable degree of aerodynamic stability 
was not resolved until after the results of aerial combat 
were studied*. 

The era of the aerodynamically unstable aircraft 
begins in 1903 with the Wright brothers’ first flight and 
has continued since that time. The names of Bryan and 
Glauert appear on both plots 1 and 2 because their 
theoretical analysis of dynamic stability has been of 


*Sir Melvill Jones''*) has noted that the British SE-5 pursuit 
aeroplane of the 1914-18 War was designed with strong aero- 
dynamic stability, while the British Sopwith Camel had 
pronounced negative stability in some flight conditions. The 
result of combat experience studies led to a compromise in 
the degree of aerodynamic stability for aircraft designed after 
the 1920's, 


fundamental importance for aircraft with all degrees of 
stability. 

Plots 3, 4, 5, and 6 all represent flight control 
systems based on aerodynamically unstable aircraft. 
Plot 3, which has an upward break at about 1910, shows 
at this time the names of E. A. Sperry and Lawrence 
Sperry. This plot represents the importance of auto- 
pilots in flight systems, beginning with the equipments 
that proved feasible in the 1912-1914 period. The First 
World War brought a lull in auto-pilot activities because 
of the diversion of efforts to aerial torpedo projects and 
because the general state of the aeronautical art was not 
yet far enough advanced to accept auto-pilots as routine 
equipment. The final steady development of auto-pilots 
began with the early 1930’s and has _ continued 
unchecked since that time. 

Plot 4, which indicates the progress of instrument 
flying developments, begins slowly about 1920, has a 
strong upward break with the Doolittle work just before 
1930, slopes upward for about ten years, and has con- 
tinued at the top level since that time. 

Plot 5 shows the start of modern efforts in control 
co-ordinating systems with the “ yaw damper ” work of 
White'*). It is certain that more and more aeroplanes 
will use co-ordinating systems in the future, so that the 
upward trend in Plot 5 may be expected to continue. 


Plot 6 for the all-manoeuvre flight control system 
shows that work in this field is just beginning. It is 
reasonable to expect that definite results will appear 
during the next few years. 

An examination of the pattern of Fig. 21 shows that 
a sharp increase in progress occurred at the end of each 
decade following the Wright brothers’ flight. After the 
initial break in instrument flying progress in 1930, about 
twenty years passed before a serious start was made in 
control co-ordination systems. This delay is probably 
explained by the fact that high-performance aircraft 
requiring augmented stability did not come into use 
until after 1945. 

The future of all-manoeuvre flight control is difficult 
to estimate, except that, if aeronautical development 
follows the pattern of the past, it will be fantastically 
beyond any present expectations. 


The Wright brothers lighted the fuse for a train of 
development that has already produced spectacular 
results and may be confidently expected to lead to even 
more remarkable progress by the generations that are to 
follow our time. 
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- 1908, VOTE OF THANKS 


f Air- SIR WILLIAM FARREN: I have attended many Wilbur Wright history was “bunk” while giving the lie to that statement 
» Inc, Lectures and if I said I had never enjoyed one so much, it would because he himself was making history) I believe that history 
not merely be an idle compliment to the Lecturer. is almost all-important. Just as all history is knowledge, so 

Aero- | Dr. Draper said at the beginning that he “ taught school.” in a very real sense, all knowledge is history: as soon as any 
rke & = idid the same thing for a number of years and | agree with him fact has been elucidated, it goes into the history of the world, 
nmen- ¢ that it is better than “ working.” But maybe it did not seem whether written or unwritten; and where it is written it is 
Phila- |} so when I was doing it. Professor Collar, who is going to available for those who come after. I think myself that any 
follow me in offering your thanks, still practises the art and he man who is acquainted with the lives, the characters, the frame 

‘Aero. | will no doubt tell us his views. ; But having listened to Dr. of mind in which the pioneers approached their work, is by that 
Draper, I wish I had been a pupil of his. acquaintance better fitted to deal with comparable situations— 

0 This is a great occasion, and Dr. Draper has added lustre and there is no question at all that history does repeat itself 
7 to it. The Wilbur Wright Lecture is something which we offer in the sense of bringing comparable situations—he is better 
Avia. § to friends as an honour. Unlike our other honours, however, fitted to deal with such situations, if he knows his history, than 
it carries with it a great responsibility. Dr. Draper has nobly if he is endowed with the purest of human intelligence but has 

f Aire discharged this. ; : no knowledge of past events. For this reason I was quite 
Ine, The custom of our Society, unlike that of the Institute of the delighted to see the historical content of Dr. Draper’s lecture. 


Aeronautical Sciences in their Wright Brothers’ Lecture, is to 
have no discussion after the lecture. I cannot, therefore, 
Me Ten venture any controversial statements because Dr. Draper would 
nerica } not be able to reply. I regret this because there are one or caused me a certain amount of speculation. The Wright 
two points I would like to argue with Dr. Draper and I know Brothers, before they became interested in aviation, were manu- 
seeley, he enjoys an argument. facturers of bicycles; and of all unstable machines, I do not 


When I got to Fig. 13 of his paper, I was relieved, because know of one more so than the bicycle—it is certainly one of the 
there I found evidence of myself. Controlling aeroplanes is not most unstable 


There was one aspect of the lecture on which Sir William 
Farren has already commented, namely, the question of the 
instability attributed to the Wright Brothers’ aircraft; this has 


Brace : : : ee I am old enough to remember the time when 
a thing to which I am entirely a stranger. I started it in 1915. bicycles (at any rate in Great Britain) conventionally had 
Sans I confess that if I had thought then that things were going to steering locks as a preventive against casual theft; and I well 


be as difficult as Dr. Draper's diagrams suggest, I would remember at a very tender age—which became even tenderer! 
probably have stopped. But in this diagram I found myself. 1 —trying to ride my sister’s bicycle with the steering locked, in 
Vilbur had eyes and a brain, a nervous system and bones and muscles. the mistaken belief that by so doing I could ride in a very 
- 1948, When I came to his Fig. 18, 1 saw the mechanical equivalent straight line! That experience taught me that the bicycle, 


53. of me in the auto-pilot, with gyros and autosyns, instead of which is in a sense an inverted pendulum, is extremely unstable 


1929 eyes and brains and so on, down to the switches, indicators, if it has no control. 
potentiometers and servos. But, I asked myself, was it all 
ystem. really as difficult and complicated as these diagrams suggested? 6 : 8 y , ts as 


well as engineers, must, in manufacturing bicycles, have recog- 
nised that there is a great deal to be said for a machine which 
is inherently unstable but which has considerable controllability. 
They must have recognised also that it only needs a few 
tumbles before the human mind and frame begins to know the 


I came into this room feeling that I would ask Dr. Draper. 
ibility Now he has explained it all. He has made it so simple that I 
utical follow it completely, which shows that Dr. Draper is, as he 
said, a teacher. 

My only doubt about his presentation is the emphasis which 


. Co. <eparEe t hi corrective measures that are necessary to control incipient 
10. he places on the advantage of instability of the flying machine, instability. I wonder whether by any chance they also built 
which he suggests the Wright Brothers fed into the art of flying. tricycles; because tricycles, while very stable, can, because of 
scope I think there is a general feeling that aeroplanes which are not that property, be extremely unpleasant on bumpy roads. 1 
erald, provided with the mechanisms which Dr. Draper has described eee wot press the parallel further; at any rate, it is quite 
should have, not gross stability which would make them possible that the Wrights’ early work with bicycles did influence 
York | difficult or uncomfortable to fly, but certainly no gross them in their thoughts about aircraft and did produce what Dr. 
instability. Dr. Draper’s contract here goes perhaps rather Draper claims to be true. I had never thought of the Wright 
wail farther than most of us who have flown would accept as a Brothers’ first aeroplane as actually being unstable, although I 
true picture. ; . suppose that with everybody I had noticed the anhedral on 
-. _ We have all enjoyed this Lecture, we have learnt much from the wings and puzzled about it a little bit; but if these thoughts 
meee it, and I have great pleasure in proposing a vote of thanks to are correct, then the history of aviation as we know it does 
Dr. Draper. perhaps owe a great deal to the humble bicycle. It is an 

siciai PROFESSOR COLLAR: It gives me particular pleasure to second interesting speculation. 
the vote of thanks to Dr. Draper on this occasion—particular Finally, like Sir William Farren, I also must refer to the 
» pleasure, because of the historical content of his lecture. Any delivery of the lecture by Dr. Draper. He said—and of course 
of my students will tell you that in the matter of believing in he touched me nearly (as Sir William said he must have done) 
the importance of history, I am one of the die-hards. I have —that “schoolmastering” is better than working. I think I 
erald, a course of lectures on the theory of flight to which students work, but then I like doing it! I suppose Dr. Draper does too; 
come expecting at first to get lots of mathematics; instead of but at any rate I am absolutely certain that with such a 
prald, which they begin with a series of lectures on the history of magnificent delivery he must be an exceptionally good 

flying. I believe very firmly that this is extremely important; “ schoolmaster. 


matic | indeed (unlike Dr. Draper’s late compatriot who said that I have the greatest pleasure in seconding the vote of thanks. 
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Following the Lecture a Dinner was given by the President 


and Council of the Society, at 4 Hamilton Place, W.1, at which 
the following were present :— 


Air Cdre. F. R. Banks, C.B., O.B.E., F.R.Ae.S., Director 
with Engineering Duties, Bristol Aeroplane Co.  Ltd., 
Member of Council; Sir James H. Barnes, K.C.B., K.B.E., 
Permanent Under Secretary of State for Air; Professor A. D. 
Baxter, M.Eng., M.I.Mech.E., F.R.Ae.S., Professor of Aircraft 
Propulsion, College of Aeronautics, Member of Council; Rear 
Admiral A. N. C. Bingley, O.B.E., Fifth Sea Lord; Mr. Robert 
Blackburn, O.B.E.. A.M.I.C.E., Hon.F.R.Ae.S., Chairman, 
Blackburn and General Aircraft Ltd.; Air Chief Marshal Sir 
Frederick Bowhill, G.B.E., K.C.B., C.M.G., D.S.O., Chief 
Aeronautical Adviser, Ministry of Transport and Civil Aviation; 
Mr. E. C. Bowyer, C.B.E., Director. The Society of British 
Aircraft Constructors; Sir Frederick Brundrett, K.B.E., C.B., 
Scientific Adviser to the Minister of Defence; Sir John S. 
Buchanan, C.B.E.. A.M.I.Mech.E., F.R.Ae.S., Past President. 
Royal Aeronautical Society, Member of Council; Major G. P. 
Bulman, C.B.E.. B.Sc., F.R.Ae.S., Director for Constructional 
Research Facilities, Ministry of Supply, Past President, Royal 
Aeronautical Society, Honorary Treasurer and Member of 
Council. 

Sir Sydney Camm, C.B.E., F.R.Ae.S.. Director and Chief 
Designer, Hawker Aircraft Ltd., Past President, Royal Aero- 
nautical Society, Member of Council; Colonel Paul A. 
Campbell, Assistant Air Attaché (Military), American Embassy, 
Chief of Aeromedical Division; Mr. J. H. Carmichael, President, 
Capital Airlines; Professor A. R. Collar, M.A., D.Sc., A.F.I.A.S.. 
F.R.Ae.S., Sir George White Professor of Aeronautical 
Engineering, University of Bristol, Member of Council. 

Mr. Handel Davies. M.Sc., A.F.I.A.S., F.R.Ae.S., Scientific 
Adviser to the Air Ministry, Member of Council; Mr. G. H. 
Dowty. F.I.A.S.. Hon.F.C.A.I.. F.R.Ae.S., Chairman and 
Managing Director, Dowty Equipment Ltd., Past President. 
Royal Aeronautical Society, Member of Council, awarded the 
British Gold Medal—1955; Dr. C. S. Draper, F.I.A.S., Head of 
the Department of Aeronautical Engineering, Massachusetts 
Institute of Technology, Wilbur Wright Lecturer—1955. 

Mr. G. R. Edwards, C.B.E.. B.Sc., F.R.Ae.S., Managing 
Director (Aircraft Division), Vickers-Armstrongs Ltd., Member 
of Council. 

Sir William Farren, C.B., M.B.E.. M.A., Hon.F.1.A.S.. 
F.R.Ae.S., Technical Director, A. V. Roe & Co. Ltd., Past 
President, Royal Aeronautical Society, Member of Council; 
Sir A. H. Roy Fedden, M.B.E., D.Sc., F.R.S.A., M.I.M.E., 
M.S.A.E., M.I.A.E., Hon.F.1.A.S., Hon.F.R.Ae.S., Past Presi- 
dent. Royal Aeronautical Society; Dr. R. A. Frazer, F.R.S.. 
F.1.A.S., F.R.Ae.S.. Deputy Chief Scientific Officer, Aero- 
dynamics Division, National Physical Laboratory, awarded the 
Society's Silver Medal—1955; Mr. James B. Franklin, Vice- 
President (Operations), Capital Airlines. 

Mr. H. H. Gardner, B.Sc., F.R.Ae.S., Chief Designer, 
Guided Weapons. and Special Director, Vickers-Armstrongs 
Ltd., Member of Council; Sir Harry M. Garner, K.B.E., C.B., 
M.A., F.R.Ae.S., Member of the Aeronautical Research 
Council, Member of Council; Mr. H. Grinsted, C.B.E., B.Sc.. 
F.C.G.I., F.R.Ae.S., Formerly Director of Aircraft Research and 
Development. Ministry of Supply (Retired 1950), awarded 
Honorary Fellowship—1955. 


Sir Arnold A. Hall, M.A., F.R.S., F.R.Ae.S., Director, Royal 
Aircraft Establishment, Member of Council; Mr, P. A. Hearne 
D.C.Ae., D.L-C., Grad.R.AeS., Project and Development 
Branch, British European Airways Corporation, Engineering 
Base, Member of Council; Mr. W. K. Hitchcock, Civil Ajr 
Attaché, American Embassy; Lord Hives, C.H., M.B.E., LL.D 
D.Sc., Hon.F.R.Ae.S., Chairman and Managing Director, Rolls. 
Royce Ltd., awarded the Society's Gold Medal—1955; Dr. G 
Hooker, O.B.E., A.R.C.Sc., BSc. D.LC., D.Phil., 
F.R.Ae.S., Director and Chief Engineer, Engine Division, Bristol 
Aeroplane Co. Ltd., awarded the British Silver Medal—1955 

Mr. E. T. Jones, C.B., O.B.E., M.Eng., F.R.Ae.S.. Principal 
Director of Scientific Research (Air), Ministry of Supply, Mem- 
ber of Council; Air Marshal Sir Owen Jones, K.B.E., CB. 
A.F.C. B.A., D.LC., M.I.Mech.E., F.R.AeS., Controller of 
Engineering and Equipment, Air Ministry, Member of Council 

Mr. B. P. Laight, M.Sc., A.M.I.Mech.E., A.F.R.Ae.S., Chief 
Designer (Aircraft), Blackburn and General Aircraft Ltd., Mem- 
ber of Council; Professor M. J. Lighthill, F.R.S., Professor of 
Mathematics, University of Manchester, awarded the Society's 
Bronze Medal—1955. 

Mr. E. J. Mann, F.R.S.A., A.I.Mech.E., A.R.Ae.S., Lecturer 
in Aircraft Design and Instructor in Charge, de Havilland 
Aeronautical Technical School Drawing Offices, Member of 
Council; Mr. P. G. Masefield, M.A., F.1.A.S., F.R.Ae.S., Chief 
Executive, British European Airways Corporation, Member of 
Council; Mr. R. C. Morgan, O.B.E.. F.R.Ae.S., Chief Project 
and Development Engineer, British European Airways Cor- 
poration, awarded the George Taylor (Australia) Gold Medal— 
1955; Mr. Charles H. Murchison, Chairman, Executive Com- 
mittee, Capital Airlines. 

Colonel R. L. Preston, C.B.E.. A.F.R.Ae.S., Secretary- 
General, Royal Aero Club; Captain J. L. Pritchard, C.BE, 
Hon.F.1.A.S., Hon.F.R.Ae.S., Secretary, Royal Aeronautical 
Society, from 1925 to 1951; Professor A. G. Pugsley, O.B.E,, 
D:Sc., MULCE., M.-EStruct.E., F-RS., F:R-AeS., Chairman: 
Aeronautical Research Council, Professor of Civil Engineering, 
University of Bristol. 

Mr. B. H. Rogers, European Sales Director, American Air- 
lines; Mr. N. E. Rowe, C.B.E., Wh.Ex., A.C.G.I., B.Sc., D.LC,, 
M.I.Mech.E., F.C.G.I., F.1.A.S., F.R.Ae.S., Technical Director, 
Blackburn and General Aircraft Ltd., President, Royal Aero- 
nautical Society; Mr. E. Monro Runtz, F.R.I.C.S.. Chairman, 
Royal Society of Arts. 

Mr. B. S. Shenstone, M.A.Sc., A.F.C.A.1.,  A.F.1A\S., 
F.R.Ae.S., Chief Engineer, British European Airways Corpora- 
tion, Member of Council; Mr. D. C. Smith, M.A., A.F.1A\S., 
A.F.R.Ae.S., Head of Technical Department, Royal Aero- 
nautical Society. 

Mr. J. Taylor, M.A., A.F.R.Ae.S., Structures Department, 
Royal Aircraft Establishment, awarded the Wakefield Gold 
Medal—1955. 

Dr. P. B. Walker, M.A., F.R.Ae.S., Deputy Chief Scientific 
Officer and Head of Structures Department, Royal Aircraft 
Establishment, Member of Council; Sir Owen Wansbrough- 
Jones, C.B., O.B.E., M.A., Ph.D., Chief Scientist, Ministry of 
Supply; Dr. D. Williams, M.I.Mech.E., F.R.Ae.S., Senior Prin- 
cipal Scientific Officer, Structural Research, Royal Aircraft 
Establishment, awarded Simms Gold Medal—1955; Mr. L. A. 
Wingfield. M.C.. D.F.C., A.R.Ae.S., Solicitor to the Royal Aero- 
nautical Society. 
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Ana ogue Computing in /\eronautics 
il Air 
LL.D, by 
Rolls- 
K. V. Diprose, B.A. 
RS. 
si (A. V. Roe and Company Ltd.) 
—1955, 
NCIpal The 946th lecture to be given before the Royal Aeronautical Society was held at the Institution 
Mem- of Mechanical Engineers, 1 Birdcage Walk, London, S.W.1, at 6 p.m. on the 24th March 1955, 
CB, and was presided over by Mr. E. T. Jones, C.B., O.B.E., F.R.Ae.S., deputising for the President, 
ler of Sir Sydney Camm, C.B.E., F.R.Ae.S. Mr. Jones conveyed the President’s apologies for his 
yuncil unavoidable absence. Introducing the Lecturer, Mr. K. V. Diprose, B.A., Mr. Jones said that 
Chief no one was more fitted to lecture on computing machines than Mr. Diprose : he was a First- 
M Class Honours Graduate of Cambridge and joined the Aerodynamics Department of the Royal 

cm: Aircraft Establishment in 1935, transferring to the Mathematical Services Department in 1948. 
sor of He was one of the first to realise the importance of good instrumentation and a wind tunnel 
clety’s speed indicator that he designed while in the Aerodynamics Department was still in use in 

some of the R.A.E. tunnels. Mr. Diprose started to work on computing machines in the early 

‘cturer part of the 1939-45 War. At the end of the War he began to design and build a Differential 
/illand Analyser which had now been in use for nine years, More recently he had been engaged on 
er of the design of an electronic Differential Analyser and so great was his knowledge on the uses 
Chief to which Analogue Computors could be put that his services as consultant were now much 
eg sought. He was now with A. V. Roe & Co. Ltd., in the Weapons Research Division. 
-roject 
oo |. Introduction or three spacial dimensions. These are not the only 
Com- | intend in this lecture to discuss the ways in which I types of analogue computor of use in aeronautics but 
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think analogue computing can be of assistance to aero- 
nautics in the future. I shall therefore be less concerned 
with how they are built, than with how they are used, 
and in fact, what circumstances justify using them at all. 
Up to a few years ago the only large computors were 
analogue ones, so the user had no choice, but when the 
automatic digital computor became established as a 
practical machine (and even before) there were many 
people to suggest that the analogue was obsolete. This 
view is now less widely held, even by makers and 
designers of digital machines, and reviews of aero- 
nautical computing aids'*:**-'*.*") have usually found 
some place for the analogue computor, without estab- 
lishing any general principles on which the choice has 
been made, except, perhaps, to suggest that the accuracy 
required is the criterion. 

I shall start by describing three of the types of 
computor most commonly used in aeronautics, the 
“response simulator,” the “electrolytic tank” and 
the “network analyser” and use these to illustrate the 
particular properties of analogue computing. I shall 
then indicate where these properties can be of most 
assistance to aeronautical engineering, and suggest 
criteria by which the merit of an analogue computor 
can be assessed. Finally, I shall try to forecast what 
development there may be in this field. 


2. Some Typical Analogue Computors 


The term analogue computor is now fairly well 
known and most aeronautical engineers will be familiar 
with it in one form or another: to one group it will 
mean “ Simulators,” that is, electronic devices for solv- 
ing ordinary differential equations of motion, with time 
as the independent variable: to another the name will 
mean “Electric Tanks” or “Network Analysers,” 
‘on for solving partial differential equations in two 
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they will serve to illustrate most of the characteristics 
of the species. 

The typical “simulator” or “electronic differential 
analyser” consists of a large number of distinct com- 
puting elements, each of which may be quite an 
elaborate electronic circuit in itself. These elements 
perform the operations of addition, multiplication, 
integration, and so on, on variables represented by 
electric voltages and express their answers in the same 
form. Not only are the variables continuous, but in 
general the operations are too: for example, if an adding 
element is fed with two continuously varying voltages 
representing the quantities x and y, then the output will 
vary so as to represent x and y at all times. The com- 
puting elements are not limited to linear operations, 
nor to the operations for which there are distinct 
mathematical names. Multiplication may be performed, 
and finding the arbitrary (single-valued) function of a 
variable, i.e. x x y and f(x), as well as such operations 
as 1/(1+ TD) where D is the operator (d/dt) and T isa 
numerical constant. 

It is not proposed to say anything here about the way 
the operations are performed; technical details of many 
circuits are given in a useful book by Korn and Korn"? 
and some theoretical discussions of their stability, and 
so on, in a paper by Raymond”. For our present 
purpose it is sufficient to say that the linear operations 
may easily be performed to within +2 per cent., 
and with more care, to +0°1 per cent. or even 
better at a cost ranging from £10 per unit to £200 or 
more. Non-linear units are harder to make accurate 
and correspondingly more expensive. It is difficult to 
make a multiplier better than +1 per cent. overall. 
while arbitrary function generators of two or more 
independent variables are all but impracticable. 

These electronic computing elements may be built in 
separate boxes to be assembled together as required for 
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Some typical computing units :— 
VOLTAGES REPRESENTING 


IN OUT 
dt 
INTEGRATOR 
COEFFICIENT 


. 


An elementary set-up using these units :— 


d x 


(CONSTANT MULTIPLIER) 


DISPLAY. 


General organisation of a response simulator or 
differential analyser. 


FIGURE 1. 


a given problem, or they may be permanently assembled 
in cabinets, with facilities for connecting up in an 
arbitrary fashion, or they may be _ permanently 
assembled and connected, to solve only one class of 
problem. The “Philbrick” computor, an American 
commercial machine, one of which the Royal Aircraft 
Establishment has, is of the first type. The second type 
is the commonest, and many aircraft firms have built 
themselves examples of this, and some have gone on to 
manufacture them for sale. Goodyear, and Boeing, and 
in this country, Short Brothers and Harland®? have all 
done this. The last type is exemplified by the flutter 
simulator, such as those built by R.A.E. and several 
British aircraft firms. 

The method of interconnecting the units to solve a 
given problem is indicated in Fig. 1. Steps in setting a 
problem on to such a machine are as follows:—A 
diagram is first prepared to show a continuous flow of 
information with no undetermined quantities. Scales 
are then chosen for representing the variables in terms 
of voltage in a way so as to make best use of the 
accuracy. The interconnections are then made on the 
machine, usually by plugs and sockets. On some of 
the more elaborate computors this may be done on 
detachable plugboards to save occupying the machine 
during the process of plugging, to make it possible to 
store problem set-ups for re-use. On the flutter 
simulator this step is of course unnecessary, as the set- 
up is permanent, and only the coefficients are adjustable. 
The last step is to set in the values of numerical 
coefficients (normally potentiometer dial settings) and 
the initial conditions of the variables. This step is done 
manually and occupies machine time. 


2 TO OUTPUT 


The actual solution time is usually very short, Ih 
most aeronautical applications it is easy to make the? 
machine solution develop as fast as would the actu 
motion of the physical system under investigation, tha 
is, to solve in “real time.” This may be a definik 
advantage, or even an essential feature of the Computing 
in some cases, as it allows the testing under realist 
conditions of individual components of complicate 
systems. For example, an auto-pilot, or a gust “9” 
restrictor may be tested on the ground in the absence 
of the aeroplane for which it is designed by calculating 
the aerodynamic behaviour of the system on a simulato, 
in “real time.” In other cases it may be advantageoys 
to slow the motion down so as to be able to obsery 
details of it as they occur, or to speed it up and recoris 
the answer in some sufficiently rapid fashion. Indeed, 
it is in some ways easier from the electronic engineers} 
standpoint to make a simulator to complete its solutioy 
in, say, a 1/20th of a second and repeat the solution 
over and over again so as to make the whole time-histon 
of the motion under investigation visible at once on, 
cathode ray tube screen. The picture then responds 
virtually instantaneously to changes in the coefficients} 
of the equations or in the initial conditions. For slower 
solutions, the answers may be displayed on_ long 
persistence cathode ray tube screens, on meter dials, on 
recording galvanometers or on servo-driven plotting 
tables. With cathode ray tube displays a permanent 
record may be obtained by photography. 

The electrolytic tank is a computor of a very differ. 
ent nature, for here the “computing element” is 4 
continuous medium, a uniform conducting layer of 
volume in which the electric potential satisfies the same 
equations as the velocity potential or stream function in 
an inviscid, incompressible fluid. The actual equations 
never occur explicitly in the solution of a problem, the 
boundary conditions are inserted by making suitable 
conducting or non-conducting walls and models, andj 
applying electrical potentials to them, and the answers) 
obtained by measuring potentials or potential gradients} 
within the fluid. 

Figure 2 shows a tank set-up for obtaining the flow! 


round a two-dimensional aerofoil, with circulation. The : 


model and the walls of the tank at the top and bottom 
of the diagram are made of metal, whose conductivity 
is practically infinite compared with that of the fluid, 
which is usually ordinary tap water. Voltages are 
applied to the conducting walls so that the potential 
gradient between them represents the “free stream 
velocity” to some scale, and a current fed into the # 
model represents the circulation to a related scale. If 
it is desired to satisfy the condition of zero flow round) 
the trailing edge the current fed in is adjusted until there 
is no potential difference between the aerofoil and 4 
probe close behind and lying on the extrapolation of 
the centre-line. Velocities at any point in the aero-) 
dynamic field are represented by potential gradients in! 
a perpendicular direction in the tank, and are measured 
by electronic voltmeters or by null methods using 4 
potentiometer. 


As indicated in Fig. 2, alternating current must bf 
used to avoid irregular voltage differences between the 
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} electrodes and the liquid immediately in contact with 
Tt. In| them, due to electrolytic action. A frequency sufficiently 
ike the 2 high to avoid these effects altogether brings difficulties 
actual} i, accurate measurement due to electrostatic capacity 
mM, thaf effects, and this has probably been the greatest obstacle 
defini} to the wider use of the tank in aeronautics. To build 
puting} 4 tank which could be reliably used by an operator 
Calis} nskilled in electronics, would require more research on 
cated instrumentation and probably several hundred pounds 
st “2” worth of equipment. That it is possible to get useful 
ibsenc:} work done when the required combination of skills is 
lating} available is shown by the papers by Malavard and 
nulator} pérés") on aeronautical applications, and by the many 
‘ageou} cuccessful applications of the tank to electrical 
>bseris | engineering problems in this country (see Liebmann 
1953) for examples). There is no fundamental objec- 
Indeed, tion to using an electric tank for strictly three- 
ineers} dimensional flows, and although the technical difficulties 
olutior of measurement are somewhat greater than in the 
Olutio} ordinary tank, it has been done (see Stenstrom)?. 
histor An obvious limitation to this form of analogue com- 
© on a4 puting is that one analogue only allows the solution of 
Sponds - one partial differential equation, in this case the Laplace 
Ticients} equation. The chances of finding a useful analogue to 
Slower} any differential equation taken at random is very remote. 
[aeronautics there have been: the soap-bubble analogy 
'als, on) tg torsion (Poisson’s equation) (Griffiths and Taylor 
lotting | 1916") the analogy of surface waves of shallow water 
manent} t) shock waves in two-dimensional air flow (wave 
equation—not exact) and perhaps the photoelastic 
Giller) method of stress determination (bi-harmonic equation). 
8’) This last is not strictly analogue computing since strains 
‘Yer Ol) in the problem to be solved are represented by strains 
€ sam? in the model, but in a different medium in which 
‘tion IN) measurement is easier. 
uatlons§ The “network analyser” computor allows a much 
~ the} wider range of partial differential equations to be solved, 
uitabk | and avoids most of the technical difficulties of measure- 
Is, and} ment in the electrolytic tank. It does this by substituting 
—s the difference equations for the differential ones, and 
adients) representing the coefficients occurring in the equations 
A t by electrical admittances of components connected in a 
he flow} regular network. It is limited to linear equations, and 
ai The} in its simplest form will solve any equation with one 
bottoms dependent variable and two or more independent ones, 
oo which can be expressed in the form 
otentialf where V; is the value of the dependent variable at a 
stream point i and the summation is carried out over a regular 
ito the’ pattern of points in the neighbourhood of the point i. 
ale. If If the a’s can all be positive, with a;,=a,; then the 
round) a’s can be the conductances of a mesh of resistors; 
il there! otherwise they must be the admittances of a mesh of 
and 4) capacitors and inductors, one of these for positive and 
tion off one for negative a’s. 
> aero:? — If there is more than one dependent variable, or 
ents 1’ the original equations are conveniently split into parts, 
-asured to suit the required boundary conditions, then the one 
ising 4) mesh may be replaced by several tiers of meshes, usually 
simpler ones, with admittance or transformer coupling 
be} between them. 


2en the 
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Ficure 2. Electrolytic tank set-up for the flow about an 


aerofoil with circulation. 


With the elements limited to resistors, which are the 
only elements to be obtained cheaply in sufficient 
accuracy, the equations that can be tackled are Laplace 


or Poisson 
(v:v=0 or 


and the biharmonic equation 
(V‘V=0) 


with a two-tier network with resistive coupling. Unfor- 
tunately in the last case the general boundary conditions 
can only be met by iterative adjustment, and cannot be 
forced on to the network. This is a serious difficulty as 
the iteration is usually slow. The hodograph equations 
for subsonic flow can be solved with a graded mesh. 
(They can also be solved in a tank of graded depth.) 


With reactive elements, the biharmonic equation can 
be satisfied without iteration and the hodograph 
equations can be represented for supersonic and sub- 
sonic flow. Redshaw 1952‘*) has given several networks 
with different numbers of tiers and different kinds of 
elements, for solving the biharmonic equation. Of the 
reactive elements capacitors are obtainable with 
sufficient accuracy, but are more expensive than 
resistors. Inductors and transformers, on the other 
hand, have to be specially made to suit the computor 
and there is considerable difficulty in producing a com- 
ponent with sufficiently small losses to be an acceptable 
computing element. 
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FiGuRE 3. Network analyser set-up for the flow about a 
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3. Comparison of Analogue and Digital 
Methods 


Using the analogue computors described as samples 
the ways may be listed in which they differ from auto- 
matic digital computors that would perform comparable 
tasks. 


(a) One of the most obvious differences is the con- 
tinuity of the variables, resulting in a practical 
limit to the accuracy of an analogue computor. 
To obtain an accuracy of +0:1 per cent. the 
output variable at least must be capable of 
attaining a thousand distinguishable states, 
whereas a digital computor could have this 
accuracy in the form of three variables with 
only ten distinguishable states, or ten variables 
with only two states. In general any deteriora- 
tion of components in an analogue computor 
will adversely affect the answer to some extent, 
while in a digital computor a certain finite 
amount of deterioration is possible before there 
is any error. 


There are some problems in the aeronautical field 
where this accuracy limitation is a serious objection to 
analogue computing, but in most instances it is not. 
The available computing accuracy is usually better than 
that of the data put in as a basis of the problem, and 
there is rarely any question of superior accuracy being 
necessary within the machine itself in intermediate steps 
of the calculation, for the analogue computor does not 
proceed in steps equivalent to the arithmetic. 


(b) Even the most versatile of analogue computors, 
such as the general purpose simulators or 
“differential analysers,” are much more 
restricted in their uses than an automatic digital 
computor. 


This is not necessarily a disadvantage of the 
analogue provided that the cost of it is well below that 
of the digital machine, since it may enable each special 
computor to be put close to its principal users, instead 
of in a central computing laboratory, where a general 
purpose computor would be. For example, a flutter 
simulator can be. housed in a structures department 
where its output can be assessed with the minimum 
loss of time. 

In many ways, too, comparing machines on a basis 
of mathematical operations performed, e.g. polynomial 
equations solved, matrices inverted, and so on, is mis- 
leading since these operations might only form part 
of the analytical solution of a set of differential 
equations, and an analogue computor to solve these 
latter would not need the intermediate steps. 


A less desirable consequence of the lack of versatility 
is that there is less incentive to build analogue com- 
putors commercially. Many are thus built by amateurs 
in the art, people who have an urgent need for a com- 
putor but neither the experience nor the time to make 
a good job of it. There is no doubt that some harm 
has been done by poorly made machines being criticised 


by users who have been in no position to judge hoy | 


many of the faults would have been avoidable. 


(c) The “ programming” of analogue computors jg 


generally easier than digital. This shou 
always be so on a well-designed computor, by 
it arises almost entirely from the lack of 
versatility. The more restricted the range of 
problem the machine will handle, the leg 
adaptation will it need for any particular one. 


(d) Setting-up an analogue computor, that is putting 
in the logical and numerical instructions, js 
usually done by hand, occupying time which 
could otherwise be used for computing. This 
is not universal, as the logical instructions op 


pul 
cor 
anc 


the larger simulators are usually applied as % ang 


ready-wired plugboards which are set up away 
from the computor. 


(e) The output of an analogue computor is fre. 
quently visual only, without any permanent 
record. When there is a record it is almost 
invariably graphical. 


Both of these last points, (d) and (e), would be 
serious objections to a computor used by a computing 
centre to solve problems passed to them by outside 
customers. On the other hand, they are both positive 
advantages when the computor is used by someone con. 
versant with the problem under solution, and capable 
of assessing each set of answers as they appear, and 
formulating a new set of input data on the spot for the 
next computation. 

(f) In a digital computor there is normally one 


arithmetic unit which performs all operations 
in turn, and a vast multiplicity of stores hold- 


ing the instructions and numbers when they are f 


not in current use. The analogue, by way of 
contrast, has a multiplicity of computing units, 
in fact one for each mathematical operation on 
a specific variable. These units may be multi- 
valve amplifiers as in a simulator, or may be 
single resistors in a finite-difference network, 
but they are all available for computing all the 
time. Since the maximum computing speeds of 
these elements is usually as great as that of the 
arithmetic unit of a digital computor, and in 
many cases is far greater, the effect is to give 
the analogue computor an immense overall lead 
in computing speed. Of course, this is not the 
only speed which is of interest to the user; in 
many analogue machines the computing time is 
virtually zero, but they may still be slow 
machines in the opinion of the operator. He is 
usually more interested in the elapsed time, i.e. 
from the formulation of a problem to the arrival 
of the answers, or in the rate of turnover, that 
is the number of solutions of a given type that 
can be done every day once the system is estab- 
lished. Nevertheless, on one class of problem, 
the partial simulation of dynamic systems, 
where one piece of equipment is under test and 
its environment is being calculated, computing 
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° how speed is the very essence of the problem. Here Applying these to the particular case we get 
the analogue computor is almost without rival, 
tors is even when its accuracy can barely be made F,=(4K,+K,)¥,—2(K,+K,)Y,+K,.Y; 
should good enough. Thus tTripac”’, the large F,= 
but guided-weapon simulator recently installed at F 
Ck of the R.A.E., has 400 computing amplifiers and ~2(K,+K;)Y, 
ge of is roughly this many times faster than the best F,=K,Y ,—2(K;,+K,) Y2+(Ks+4K,) Yo. 
> less digital computors available, when judged on a 
one, f computing speed basis. |G@K,+K,),  —2(K,+K,), K, 
= As an illustration of the differences of approach in or | F, | =| —2(K,+K,), (K,+4K,+K,), —2(K,+K,) |.|¥s 
which | putting problems to a digital and an analogue computor, F, K,. ~(K,+K,.  (K,+4K,) Y; 
This | consider the problem of finding the natural frequencies z = 4 
ns on { and normal modes of an elastic system. Consider the in matrix notation. 
ed as analytical approach first, and for simplicity limit it to a 
an pee heavy beam, freely supported at both ends. The This is known as the stiffness matrix. Solving this as 
first step is to divide the continuous beam into finite a set of linear equations in Y’s, that is, inverting the 
fre. | Segments, each rigid and weightless, but joined by matrix, we get 
vanent elastic hinges carrying discrete masses. The number to iy, - TIF. 
mos | be chosen will depend on how many modes we judge K, 
will be important, and how much we feel justified in 
spending on computing. For illustration, three joints 16 4 2.2 
ld be have been taken, corresponding to three degrees of 16}\K, K, K K, x, 
ie freedom. The jointed beam is shown in Fig. 4. 
Although only a simple example has been taken, the (+ 
© Col: | dimensional surfaces such as wings with torsion and the ; 
“— shearing deflections allowed as well as bending. The which is known as the flexibility matrix. If there had 
sr the Method is based on that recommended by Dr. Williams been n degrees of freedom there would be an x n 
ina lecture to the Society in February 1954". Forgetting matrix, each of whose elements was made up of n 
the masses in the first instance, the arbitrary forces F,, terms. 
: Re: F, and F, are first found in terms of the equally Considering now the F’s as arising from the accelera- 
hea ary deflections y,, y. and y, by making all the y’s tion of the masses we can write 
zero except one in turn and calculating the forces for 
ey ate} each single deflection. In the case of pure bending, with Pi=-o'm, J. 
vay Of) siffnesses K K,, and so on, at the joints the general : 
ace which gives a polynomial equation and a set of 
on On simultaneous equations in the ratios of the Y’s. The 
multi Fy-2=(Kn-1) Yn equations are normally solved for 1/«? by iteration, a 
lay be method which gives the highest value of 1/? first, i.e. 
twork, =(—2Ky-,— 2K») the lowest frequency mode. Knowing the ratio of the 
all the F.=(Ke-,+4Kot Koi) ¥ Y’s in this mode (which are found in the same process 
eds of icity litical of iteration) the number of equations can be reduced by 
=(— 2K, — Y one, and the process repeated until all the modes are 
give (Kas) Yo. 
Il lead Now the process of matrix inversion and finding the 
ot the} All other F’s zero. latent roots by iteration are well suited to a digital 
ser; in 
ime is 
UNIT 
e is — ae LOADS F F, F 
arrival BENDING MOMENTS 0 M, M, M, 0) 
r, that STIFFNESSES 0) K, K, Ks 0 
ye. that FLEXURES 
estab- SLOPES ay ag as ay 
stems, me Ms 
st and 
puting Ficure 4. System of variables for a flexible heavy beam having three degrees of freedom. 


q 
= 


484 “59 


JOURNAL OF THE ROYAL AERONAUTICAL SOCIETY 


—=:. 


JULY 195 


computor, both from the repetitive nature of the opera- 
tions and the necessity for working to a large number of 
significant figures in the intermediate stages, when 
reducing large matrices. Analogue computors have 
been built to solve matrix equations, in fact there is one 
at the Cambridge University Mathematical Labora- 
tories''') and there is a commercial one on the U.S.A. 
market''*’. The former has been used to solve normal 
mode problems up to six degrees of freedom, but there 
is little doubt that even at this level an automatic 
digital computor would have been much more satis- 
factory, while for problems on modern wing structures, 
something more like 24 degrees of freedom are required. 
This would be fairly heavy work even for a computor 
of the size of the National Physical Laboratory’s A.C.E., 
and would appear to put analogue computing out of 
court entirely. However, things are not really so bad 
owing to the different approach which is possible. The 
first thing to note is that the inversion of the stiffness 
matrix to get the flexibility one was only done to 
eliminate the lowest and most important modes first, 
and would not be necessary in a dynamic analogue in 
which any mode would be picked out individually at 
any time, by the equivalent of resonance testing. This 
saves a large amount of the computing, and probably 
leaves a much better conditioned matrix, and one in 
which each element only contains a limited number of 
terms, irrespective of the size of matrix. 

Continuing the process of taking our computing 


Ye Y3 


farther back towards the basic problem, the problen{ 


would be tackled as follows. Referring to Fig. 5, sup. ber 


pose the arbitrary forces F,, F, and F, are representa 
by voltages generated as shown. Then by adding then 
in series we can obtain voltages analogous to the foy 
shearing forces in the links. A number of 1: 1 trans 
formers allow these voltages to be put again in serie 
so that a second summation gives voltages representing 
the bending moments. 
ing moment circuit to earth represents the absence o 
restraint at the end fixings, while if the intermedia 


points are joined to earth through impedances propor. | 


tional to the joint stiffnesses K,, the branch current; 


will represent the angles of strain at the joints. Sun./ 


Putting each end of the beng. to 


mation of these currents through the transformers cor 


causes the transformer primary or secondary currents jy 
represent the slopes of the links, and finally the current 
through the generators F to represent the deflections y. 
Thus the static stressing problem can be solved with 
resistors and transformers only. 

To make the forces proportional to mo? times the 
deflections, we would require impedances of — mo, bu 
by changing the analogy slightly and letting currents 
represent velocities instead of displacements, we reach 
the analogy shown in Fig. 6. Points to be noted about 
this analogy are that all the elements are passive, and 
therefore reasonably cheap, that they correspond 
directly to the basic stiffnesses and masses, so reducing 
preliminary computing and, most important of all, tha 


toc, 


boy 


K, K3 

Figure 5. Analogue computor 
for static loadings of a beam 
with three degrees of freedom. 
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roblen | the number of them depends only linearly on the num- systems, gust alleviators, launching and arresting gear, 
5, su ber of degrees of freedom. Allowing for shearing and vibration and flutter. In all these fields the usual prob- 
om torsional stiffnesses increases the number of elements lem is not to find merely how a given system works, but 
2 then P Pet degree of freedom, but still retains the linear to find how its working depends on the multitude of 
he fou relationship in total number of elements. design parameters. Even when the final assessment 
- trans The moral to be drawn from examples such as this is such that it cannot be made quickly, and the accuracy 
1 series } iS that it is particularly important in analogue com- required is high, the ability of the analogue computor 
Sentins | Puting to consider the problem asa whole. The attitude to eliminate quickly the combinations of parameters 
: be : to be avoided is that of pushing on with manual com- which give results that are obviously inacceptable can 
nce of} puting until this gets too tedious, and then looking for still be of great service. 
nedigt: | 20 automatic computor to complete the work. Where the problem involves no trial and error, for 
Dropor. | ' : example finding whether a given aeroplane, which it is 
urrens 4. Applications to Aeronautics not proposed to modify, is or is not adequately strong 
Sun-{ Bearing in mind these attributes of the analogue for a specified duty, then the digital approach is 


normally the right one. This principle leads to the 


Ormen = computor we may now consider what aeronautical prob- . . 
exclusion of analogue computing from one field where 


ents tof Jems are best suited to analogue treatment. 


urrens} © There is one aspect of a computing problem which at first sight it appears to be suitable, that is in data 
ions Y.} dominates all others in choosing between analogue and reduction. The results of wind tunnel and flight tests, 
d with} digital computing, which is whether the calculation guided weapon range instrumentation and telemetry, 


are all of moderately low accuracy, and mostly form 
part of a trial-and-error process of design. There are, 
however, two arguments against the analogue computor 


forms part of a trial and error process of design. If it 
les thet does, and the success or failure of a trial can be 
buf assessed immediately from a sufficiently vivid display . 
urrents of the answers, aa manual input, al output and in this connection. The first is that the trial-and-error 
- reacht high computing speed are all valuable features, and an does not apply directly to the numbers which are the 
-aboulf analogue approach is indicated unless there is no input to the computor. Whatever readings are given 
e, ani) reasonable physical analogue of the operation required, by the wind tunnel instruments, and so on, these, and 
spond} or the accuracy needed is exceptionally high. In this not any arbitrary variations of them, are the figures to 
ducing } class come most problems in the design of dynamical be computed from. The second is that the reduced 
I], that systems, e.g. aircraft stability, auto-pilots, guidance data, that is the output of the computor, is normally the 
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only evidence of the tests results which is published, and 
after a time the original readings are destroyed (or lost). 
Hence, unless the computing is many times more 
accurate than the readings, some of the evidence is 
permanently lost. 

Where it is desirable that the director of some tests 
should be able to modify his programme on the evidence 
of results obtained, and the instrument readings 
unreduced are not readily appreciated, then it is sug- 
gested that the right treatment is to compute the same 
answers both by analogue and digital means, using the 
analogue results as a current guide on the progress of 
the tests, and the digital results for publication. For 
this purpose, the analogue computor can usually be very 
crude indeed. As an example, in low speed wind tunnel 
tests for the effect of Reynolds number on drag, the 
actual drag balance reading plotted against wind speed 
may be quite inadequate to show quickly whether the 
drag coefficient is rising or falling. A simple analogue 
computor could be made which could continuously 
divide the drag balance reading by 4pV* to within 
+1 per cent. and this would suffice to show whether 
there were any unexpected trends in drag requiring extra 
readings to be taken. 

Other aspects of a computing problem which 
influence the choice of means are the need for a high 
computing speed, and the existence or not of a con- 
venient physical analogue to form the basis of a com- 
putor. The first point has already been mentioned in 
Section 3, that in partial simulation tests, the need for 
calculating in “true time” may make analogue com- 
puting unavoidable, even if accuracy requirements are 
high, or the problem is so complex that rapid assessment 
of the answers, and re-formulation of the input, is 
almost impossible. 

It is in calculating the solutions of partial differential 
equations that the absence of a suitable analogue may 
easily rule out problems which, on the grounds of their 
exploratory nature and their moderate need for accuracy 
would otherwise be well adapted to analogue comput- 
ing. The electric tank can only tackle Laplace’s 
equation, giving the flow of an inviscid and incom- 
pressible fluid, and even the network analyser cannot 
cope with non-linear equations, and so cannot solve the 
flow of a compressible fluid except in the hodograph 
plane, which has not so far proved very useful for 
numerical work. All the same, there are still many 
problems in which the aerodynamicist would be glad 
enough to know the answers in incompressible flow. 
The largest number of these is concerned with finding 
pressure distributions on low aspect ratio wings. 
Kiichemann and Redshaw 1954"*) have collected a most 
impressive list of outstanding problems in this class. It 
is by no means certain that all, or even most, of them 
could be solved by a practical analogue computor but 
the list is at least an immense challenge. 

To the aeronautical engineer, the finite-difference 
network analyser is likely to be of most use in solving 
variations of the biharmonic equation, as applied to 
stresses and strain in wing structures, including finding 
vibrational modes. Here it will be realised that there 
is only a very slender distinction between the network- 


analyser approach, and the flutter simulator. From 
the computor angle, the first uses passive elements 
which are closely related to the local structural constants 
and the second uses active computing elements (usually 
involving feed-back amplifiers) and relates 
through more formal differential equations, to relatively 
complex aggregates of the structure and aerodynamicg 
It is quite possible to combine the approaches, to solye 
general aeroelastic problems by regarding the wing asq 
continuous medium approximated to by the finite. 
difference mesh, and regarding the aerodynamic forces 
as active elements specified by relatively few disting, 
differential equations. A set-up of this kind has been 
used by the Douglas Aircraft Co. on the CALTEcy 
computor''*). 


5. Some Criteria of Merit of Analogue 
Computors 


Since the greatest advantage the analogue computor 
can offer is the ease with which its answers can be 
assessed and a new set of data put in, it follows that 
in judging the merit of a particular machine the first 
points to be criticised are the simplicity of setting up 
and of reading the output. Owing to the limited 
accuracy, it is usually essential that some form of 
numerical scaling be done before the data can be se 
on dials, but any necessity of doing elaborate calcula. 
tions on paper beforehand destroys much of the advan. 
tage of the analogue approach. For the same reason, 
calibrated dials and clearly marked switches and plug. 
boards are important. 
extensive alterations to the set-up without having to 
prepare a set of charts of tables for each change, it 
must not only be clear to him what he is doing at the 


time of setting up, but also clear afterwards what num-} 
bers and what connections are in fact set up. Thus } 
setting uncalibrated potentiometers against a master,| 
while it can be made a comparatively quick process inf 


itself, leaves the operator relying on his note-book or 
his memory as to what data he has set up at any par. 
ticular time, unless he goes round and checks again with 
the master, which is almost as long a job as the initial 
setting up. 

The logical design of the set-up should be simple 


and should involve the minimum number of arbitrary} 


rules. Thus it should ideally be valid to make any of 
the connections which it is physically possible to make 


on the plugboard, or to set any numbers into the dials., 


The graphical output should be calibrated in some 
way, whether it is a transient display on an oscilloscope, 
or a permanent record from a galvanometer. 

Because of the way analogue computors are used, 
absolute accuracy is usually less important than resolu: 
tion and repeatability. That is, it is important that any 
changes of more than a certain magnitude in the answers 


should be detectable, and that they should correspond| 


to real changes in the true answers. 


From the fact that many analogue computors art 


amateur-built, the reliability has not always been high: 


If the operator is going to make 


the best that can be said is that the kind of error that) 
arises from faulty construction is usually obvious on the 
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FicurE 7. Organisation of a suggested digital simulator. 


graphical output. Small errors, arising from deteriora- 
tion of components can only be kept in hand by the 
use of high grade parts in the first instance, and by 
routine mathematical tests at regular intervals. There 
is no reason to suppose that a properly engineered 
analogue computor need be any more liable to suffer 
from component deterioration than a digital machine, 
since the more vulnerable components, such as electronic 
valves, are normally used in circuits which allow for a 
greater tolerance in performance characteristics than in 
the case of digital circuits. 


6. Future Developments 


In conclusion, the possible lines on which analogue 
computors may develop in the aeronautical field may 
be examined. 

As has been indicated earlier, the simulator or 
electronic differential analyser is the most advanced 
computor as regards commercial availability, although 
there is still scope for better designs. All the ones 
known to the author could be faulted in one way or 
another on the ideals set out in the last paragraph, i.e. 
setting-up is too complicated or arbitrary, repeatability 
too poor, lack of calibrated scales, and so on, or else the 
number and scope of operations available is too limited. 
It is to be hoped that as users become more accustomed 
to the points to look for in a computor, designers will 
be forthcoming to meet their needs. 

In contrasting the attributes of digital and analogue 
computors, it can be seen that there are several, such as 
the manual setting of inputs and visual reading of 
outputs, which are not necessarily connected with the 
mode of computing, but have come to be accepted as 
peculiarities of the type. As long ago as 1942 a large 
analogue computor, the Massachusetts Institute of 
Technology electro-mechanical differential analyser“ 
was built with punched tape input of instructions and 
numbers, while the first large automatic digital com- 
putor, the Ballistic Research Laboratories E.N.I.A.C. 
built in 1946", used manual input for both (supple- 
mented by punched card input for numbers). In these 
cases, however, there were special reasons; the differen- 
tial analyser was built to do work which would now be 
considered the province of a digital computor and 
E.N.I.A.C. was built partly as a special purpose com- 
putor (for trajectory calculations) and partly to try out 
electronic computing circuits on a large scale. It would 
therefore have been an unwanted complication to add 
automatic setting-in of the programmes. 

A combination of techniques which appears not to 


have been tried so far would be to have a computing 
unit (integrator, adder, and so on) analogous to each 
mathematical operator in the equations to be solved, 
but to make these units digital in operation. This might 
be the answer to the need for a more accurate “true 
time” simulator than machines of the TRIDAC type. 
There is, in fact, a commercial “ differential analyser” 
the C.R.C.105,* made by the Computor Research 
Corporation in California; this operates digitally but 
uses its one computing element serially and its speed 
is comparable with mechanical rather than electronic 
“ differential analysers” of the normal analogue type. 

The digital simulator would have plug-board setting 
of its programme, and from the user’s point of view 
would be organised in every way as an analogue com- 
putor, in fact from its one-to-one correspondence 
between computing units and mathematical operators it 
would be an analogue computor, as well as a digital 
one. Each computing unit would have an output store 
and one or more input stores associated with it, and to 
keep operations requiring different times in step there 
would be alternate phases of computing and transfer, 
i.e. from the output store of each unit to the input stores 
of whatever units were plugged to it. In order to make 
a practical true-time simulator for guided-weapon work 
it would be necessary to complete each cycle in less than 
one millisecond, and preferably less than one hundred 
microseconds. These speeds are high, but would be not 
impossible, using “ parallel” computing (i.e. all digits 
at once) to save time, and “serial” transfer, to save 
wires. A possible organisation of the machine is shown 
in Fig. 7. 

Turning to partial-differential equation machines, 
the tendency in the aeronautical world has recently been 
away from the electrolytic tank, even for Laplace’s 
equation, and towards resistance nets. However, to 
make nets fine enough to give useful quantitative results 
in three dimensions seems likely to be very expensive, 
and more research is necessary on ways of economising 
in elements by altering the scale of the mesh at different 
distances from the “model.” On the whole it still 
appears that the tank provides the best hope for three- 
dimensional work, if the practical techniques can be 
made simpler by more refined apparatus. To estimate 
whether the research necessary to do this is justified, an 
intensive study of the proposals of Kiichemann and 
Redshaw is required, to find how many of the more 
urgently-needed problems are susceptible of solution 
by the tank. For two-dimensional problems, more work 
is needed on finding conducting papers of sufficient 
uniformity, or on apparatus for making use of ordinary 
writing paper as a conducting medium. 

For equations other than Laplace’s and in particular 
for structural and aeroelastic investigations, there are 
possibilities that networks with reactive elements will 
play an important part in the future. The difficulty with 
these networks has always been that, while resistors and 
capacitors have been available with sufficient accuracy, 


.inductors have been necessarily inefficient owing to the 


*Earlier, the Northrop MADDIDA. 
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properties of available magnetic materials not being 
adequate. However, even in the few years since the 
CALTECH computor has been built, there have been 
marked developments of magnetic materials in the right 
direction, and it is fast becoming practicable to make 
substantially “ perfect” transformers and resistance-free 
inductors, using the new ferrite cores. If experience 
shows that elements made with these materials are in 
fact good enough for aeronautical computors, there 
seems to be scope for an enterprising manufacturer to 
make elements in quantity for building into passive- 
network systems. 
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DISCUSSION 


DR. P. HOLLINGDALE (R.A.E. Mathematical Services) : 
In the main Mr. Diprose had confined himself to 
electronic and electrical analogue computors. The 
impact of this class of computor on aeronautics had 
been made almost entirely during the past ten years, in 
fact mainly in the past five years. But some other 
types of analogue computors could claim a much longer 
history and could claim to occupy a central position in 
aeronautical development. He was thinking particu- 
larly of the wind tunnel and the slide rule, perhaps the 
two most important tools of their trade; they were both 
analogue computors. 

On the narrower field of differential analysers he 
thought perhaps more might be said about the non- 
electronic analysers which preceded the electronic ones 
they were so familiar with today. The earliest analysers 
were mechanical—a maze of shafts and gear boxes— 
and setting up the problem was a major operation. A 
very big advance was made, as the Chairman had 
suggested, when the mechanical connections were 


replaced by electrical ones which could be set up ona 
central plugboard. Mr. Diprose had mentioned the 
M.I.T. machine but he had been very modest about his 
own contribution. Some ten or twelve years ago 
Mr. Diprose had designed and built a bread-board type 
differential analyser on these new lines; he not only 
provided electrical inter-connections and _plugboard 
settings, but photoelectric curve followers which enabled 
arbitrary functions to be included in the equations to be 
solved. This was certainly the first machine of its type 
in Europe and it was built, he thought, quite indepen- 
dently of the one in America. 

While the hey-day of the electro-mechanical analyser 
had no doubt passed, he believed that it still had an 
important, if perhaps limited, role to play. The 
electronic analyser must always and inevitably work 
with time as the independent variable and it was often 
a somewhat capricious instrument, at least that was 
their experience, when asked to deal with non-linear 
problems. The electro-mechanical analyser, on_ the 


Joint A.I.E.E. and I.R.E. Computer Con. ; 
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| other hand, was not subject to these limitations. Its 
) freedom of the independent variable enabled it to 
perform the operations of multiplication, division, 
function generation, and so forth quite readily, and it 
could cope with the input of arbitrary functions in 
graphical form. He thought the existence of the large 
electro-mechanical differential analyser at the N.P.L., 
which embodied the principles of design that Mr. 
Diprose formulated ten to twelve years ago, should not 
be overlooked. 

Mr. Diprose had rightly focused attention on the 
questions of how analogue computors were used, how 
they could be used, and in what circumstances they 
4 should be used at all. He hoped any conflict between 
the rival claims of the analogue and digital enthusiasts 
was a thing of the past, and he hoped they were now all 
agreed that these two classes of computors were 
complementary and were not competitive. 


Mr. Diprose had exhibited the comparison between 
the digital and analogue computors very fairly; in one 
place in the written lecture he had perhaps been a little 
too severe on the analogue approach—he was thinking 
of the statement that analogue computing must be 
excluded from the field of data reduction. Although 
this was certainly true in most cases for the reasons 
given in the written lecture, he thought that there might 
be exceptions where the basic raw data was given in 
analogue form; for example, as continuous traces on 
rolls of paper or film where a graphical answer was 
wanted. An example of what he meant was the 
analysis of strain and normal acceleration records 
obtained in flight. What were usually wanted in such 
cases were auto-correlations and power frequency 
spectra. They had done a lot of this sort of work 
during the Comet investigation. The traces were read 
at equal time intervals, Hollerith cards were produced 
by the use of special gadgets designed for the purpose, 
and then the computing was done in this case on the 
ACE. digital computor at the N.P.L. It was a sizeable 
job: over two hundred hours computing time on the 
A.C.E. were used, something like 8 million multiplica- 
tions were performed, and yet they only analysed about 
a score of flight records, each of a few minutes 
duration. Analogue devices were available for hand- 
ling this class of work and he was inclined to think that 
this was a case where the analogue approach might well 
be preferable. 


_ Mr. Diprose had certainly opened up the most 
intriguing possibilities in his last remarks about future 
developments of mixed systems, part analogue and part 
digital. +The general trend of development in the whole 
_ data reduction problem, for example, was to combine 
analogue and digital techniques in the most judicious 
manner to suit the particular case. The boundary 
between the analogue and digital territory was in fact 
getting increasingly blurred and a whole group of 
neutral buffer states were arising in between. He 
thought Mr. Diprose’s stimulating suggestions would 
i help to carry this process a stage farther. 


R. HADEKEL (The Sperry Gyroscope Co. Ltd., 
Associate Fellow): He wished to comment on a 
particular aspect of computor application—the design 
and testing of automatic pilots. It was a specialised 
subject but it might be of interest if not so much on its 
own, at least as an example of an application where the 
analogue computor was becoming almost indispensable, 
to the point where one wondered how people used to do 
without it. At the Sperry Gyroscope Company they 
had two of these machines which were designed and 
built by the firm (in the days when their need was first 
foreseen there was no commercial article available) and 
these two machines were employed full time and indeed 
overtime, and more were being built. 


The procedure in a typical case for auto-pilot design 
might work out on something like the following lines: 
the main interest was in determining the values of the 
parameters involved in the auto-pilot system, ie. 
stiffness, damping, and so on. It was assumed that the 
aircraft was subject to a gust of a given magnitude, and 
the response of the aeroplane to that gust was worked 
out. That solution had to be determined at several 
speeds and for various values of the constants. The 
change in attitude or heading of the aeroplane was 
worked out, and it might be found that for certain values 
of the constants the response of the aircraft was satis- 
factory, but that was not the only point of interest. They 
were also interested in finding out whether in trying to 
meet that gust and trying to stabilise against it, the auto- 
pilot was not applying excessively large control surface 
angles, so those had to be computed too, and then, for 
example, it might be found that the aeroplane held its 
heading and its altitude satisfactorily, but at the cost of 
excessive movements of the control surfaces. Then 
they tried to see how that could be mitigated, and it 
might be found, for instance, that with a slight amount 
of lag in the circuit the control surface angle could be 
cut down by a very substantial amount, to perhaps a 
quarter of what it was, without affecting the response 
of the aeroplane to any noticeable extent. 


All those things, as they would realise, required an 
enormous amount of computation which only a 
machine could handle. That was one aspect. Another 
was testing an auto-pilot. In that case one might set up 
the actual control system with the auto-pilot itself and 
the power control, if any, and then pick off the move- 
ment of the control surfaces and feed it to a computor 
which represented the aerodynamic characteristics of 
the aircraft on a true time scale. The computor would 
have knobs on which the aerodynamic derivatives were 
set directly. The motion of the aircraft was computed 
and fed to a system of servos which produced that 
motion in a mechanical form on a gimbal table. On 
that the gyroscopes were mounted, and these in turn 
sent signals to the auto-pilot, so that the system was 
completely reproduced, apart from certain effects such 
as side-slip, ‘g’, and air speed, all of which had to be 
computed separately in order to produce the necessary 
signals to actuate the auto-pilot. 


| 
| j 
| 
| 


490 VOL. 59 


JOURNAL OF THE ROYAL AERONAUTICAL SOCIETY 


—=: 


JULY 1955 


He had given this by way of illustration only, and if 
Mr. Diprose had any comment to make on it, he would 
be very much interested. 


MR. E. LLOYD THOMAS (Short Bros. and Harland, 
Associate Fellow): Mr. Diprose had said that the Short 
Analogue Computor had an arrangement for setting up 
the problem which was “neatly tucked away” in the 
desk of the instrument, and had implied that it made it 
difficult to tell just what equations had been set up on 
the computor. He would disagree with that most 
strongly because they considered that by bringing all 
the connections down to what was called a Setup Panel, 
they had within the space of a sheet of foolscap paper 
the complete interconnection system for the computor, 
and with a very little experience one could tell at a 
glance just what had been set up, without having to 
follow through a cat’s cradle of plugs and cords. 

There was another advantage of this arrangement in 
that one could have a card in which the location of the 
plugs were punched through according to the particular 
problem, and that card could then be filed away. For 
example, it could be labelled “ternary flutter” and put 
in a filing cabinet until a problem of that type had to be 
done again, when it could be brought out, laid on the 
Setup Panel and the plugs put in through the existing 
holes. That proved to be a very useful facility. 

There was one other application which he would 
like to add to the list of uses of a general purpose 
analogue computor. At Shorts they were using several 
of their own computors as handling simulators in 
conjunction with a dummy cockpit. The cockpit had 
the usual pilot’s controls with synthetic feet on the stick 
and the rudder bar, and these controls were provided 
with potentiometers to feed signals into the computors, 
which were set up to represent the stability equations of 
the aircraft under investigation. The signals generated 
by the computor, corresponding to the heading, roll 
angle, and so on, were fed back to instruments on the 
panel of the dummy cockpit which had the same 
appearance as the real things, but had electrical move- 
ments. In this way one could take an experienced 
pilot, sit him in the cockpit and get his reactions to 
flying an aircraft which had in fact not been built. 

The application of analogue computation to simula- 
tion in real time raised another point. The examples of 
electrical computing devices mentioned by Mr. Diprose 
appeared to be electronic, rather than electro- 
mechanical, in principle of operation. If one were 
using a purely electronic computor for simulation over 
periods of several minutes in true time, one was liable 
to run into considerable trouble, due to drift and grid 
current in the amplifiers. For such problems electro- 
mechanical computing networks might be better, from 
the point of view of drift and “noise,” than a purely 
electronic computor. 

One of the difficulties he had found with an 
electronic analogue computor was in getting hold of the 
answer accurately. One could build a computor which 
was relatively accurate. giving an answer to within two 
or three per cent. as a display on a cathode-ray tube. 


It was when one tried to record that answer and put jt 
on paper that the trouble started. One apparently 
obvious method, to use a pen recorder, limited the com. 
putor to relatively slow operation. If it were used for 
repetitive operation at ten solutions, or even one soly. 
tion, a second then all the significant frequencies were 
likely to be above the cut-off frequency of any pep 
recorder that was available with reasonable accuracy, 
Any pen recorder which went up to higher frequencies 
probably had up to ten per cent. distortion on linearity, 
or similar troubles. Perhaps the best method of obtain. 
ing the answer from an analogue computor was to 
photograph the trace from a cathode-ray tube. That 
usually introduced a delay between obtaining the soly. 


tion on the tube and actually having the record q : 


paper, and if one had to call up the works photographer 
and wait perhaps a week while he processed that picture 
there was a serious waste of time. At Shorts they had 
been having considerable success using a process which 
did not seem to be generally available or known in this 
country—using a camera employing Polaroid-Land 
film. The process enabled one to make the exposure, 
wind on the film and, after only sixty seconds, extract a 
dry, finished, positive print from the camera with no 
solutions, no darkroom and no trouble. 

Did Mr. Diprose consider an electronic computor to 
be a machine, as he called it, or an instrument? 


R. H. TIZARD (National Physical Laboratory): He 
would like to give some details of the method of 
recording used in the N.P.L. simulator. The simulator 
was generally used repetitively; where, as frequently 
occurred, the response to a step-function was required, 
the repetitive input was a square-wave. 


different frequency called the sampling wave was 
obtained by a second set of dividers. The ratios were 
adjustable, being generally set at 256 and 255. Thusa 


Vernier effect was obtained. A pulse was produced | 


once per cycle from the sampling wave and this was 
used to sample the output at successive points on each 
repetition, the sampled voltage being held constant 


during each solution and applied to an ordinary com-} 
Thus in the course of, in this} 


mercial pen recorder. 
case, 256 simulator solutions the pen traced out one 
solution. 

This had proved to be an extremely convenient 
method. In the use of a simulator, as Mr. Diprose had 
mentioned, one did not generally want a record of all 
solutions. 


cent. of those solutions recorded. In the N.P.L. 
simulator the visual solutions were obtained without 
delay on the oscillograph, and a record could be 
obtained at any time by switching on the recorder and 


waiting a few seconds. Besides eliminating the nuisance } 
of photography this method gave a better result in terms | 


of line thickness, and it allowed the use of printed 
scales on the paper. 


He would like to reinforce the main reason which ¢ 


The square: } 
wave was obtained from a much higher frequency by | 
dividing circuits, and at the same time a slightly } 


One first wanted visual solutions for use inf 
the trial and error process, and then perhaps ten pet} 
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Mr. Diprose had put forward for the use of analogue 
computors as opposed to digital but he would put it in a 
slightly different form; he thought that analogue com- 
putors were required where the problem was one of 
synthesis rather than analysis. That was to say, where 
it was a question of design of equipment and, in 
physical terms, the equipment was decided in its broad 
features. The problem then was not to find the solution 
for a given physical set-up, but to obtain the physical 
set-up Which would give, if not a given solution, at any 
rate a solution which was within given limits of 
requirements and tolerance. This was really where the 
trial and error process came in. 

This really resolved itself into three features and he 
thought that the question of set-up and the time taken 
to set up an analogue machine was not perhaps quite so 
important as Mr. Diprose might have implied, in that it 
broke down really into two parts; there was the set-up 
in the form of the interconnection of the units which 
determined the broad layout of the system and there 
was the setting up of the actual values or parameters of 
the system, which was generally done by means of dials 
on this type of computor. Now the set-up of inter- 
connections was a thing which practically, except for 
small modifications, was done once for one problem and 
thereafter there was a considerable amount of comput- 
ing with that remaining fixed. They found on the 
N.P.L. simulator that the actual time in setting up for 
one problem was quite a small part of the whole time 
spent on the simulator. The second part was the 
setting up of the dials. To change one parameter on a 
simulator, one merely turned a knob, whereas on a 
digital machine the input to the machine had to be 
changed, which was a more complicated process. 

There was a point which was mentioned in connec- 
tion with the auto-pilot and that was in finding out not 
only the main solution but subsidary solutions too, not 
only the response of the aircraft but also of the control 
surfaces. It might be that the designer did not always 
know in advance exactly which things he wanted to 
know. If the problem were set up on an analogue 
simulator, of the type mentioned, it was a matter of a 
very few seconds to plug the oscillograph into any point 
in the system to see what was happening there, whereas 
it would be a much longer process to obtain a 
completely different solution out of the digital machine. 
One exainple of this that they had had was very similar 
to the aircraft auto-pilot, being a study of automatic 
stabilisation of ships in roll. Here the system was non- 
linear in that the total movement of the stabilising fins 
was limited. There was one solution where, for a given 
type of sea, a given ship and given settings of the 
control system, the actual rolling of the ship, which was 
the main solution, was very small indeed, and one 
might have considered that a satisfactory solution; but 
if one looked at what the fins were doing, what was 
actually happening was that the whole system was 
completely unstable, the fins oscillating from limit to 
limit at a frequency which was so high that the ship just 
was not responding in roll. This would not have been 
a very satisfactory answer in practice. 


He would like to take up Dr. Hollingdale’s point 
about the comparison of the mechanical differential 
analyser and an electronic differential analyser. He 
agreed on the question of the independent variable, but 
did not agree on the question of non-linear devices. He 
thought non-linear devices in the electronic field were 
sufficiently well advanced to be able to deal with most 
non-linear problems on an electronic simulator. For 
instance, there were quite a number of electronic multi- 
pliers nowadays which were satisfactory to the sort of 
limits of accuracy required on simulators. There were 
also units which could generate arbitrary functions. 

He also agreed with Dr. Hollingdale that, as a very 
slight criticism of an excellent paper, Mr. Diprose, he 
thought, had passed over the question of the use of 
analogue machines in data reduction devices a bit too 
rapidly. In the preprint he said that a certain principle 
lead to the exclusion of analogue computing from one 
field where at first ‘sigh’ it appeared to be suitable— 
that was—in data reduction. He thought the misprint 
had led to rather a happy choice of word there! The 
reason that Mr. Diprose gave in answer to Dr. Holling- 
dale on the subject was one with which he entirely 
agreed, but he thought it was an important reason, and 
the use of analogue devices in that sort of data 
reduction was by no means to be passed over as a side 
line. 


J. I. ARCHIBALD (Decca Radar Ltd.): The field of 
aeronautical analogue computing might be extended so 
as to include the wide range of airborne computing 
equipment. Computing devices were used in naviga- 
tion, radar, fire control, auto-pilot, and predictor 
systems, and presented unique problems for the 
designer in terms of size and weight. 

One solution was to use one miniature general 
purpose digital computor for all the above computa- 
tions, the computor being programmed to solve each 
problem successively and repetitively. This technique 
did not lend itself to an analogue computor, hence 
several single purpose analogue computors were 
required. These might be electronic, electro-mech- 
anical, or wholly mechanical, or a mixture of all three. 

Where the computor solved a differential equation 
and was part of a closed loop, electronic methods of the 
type they had been hearing about were to be preferred, 
but here scope remained for the development of 
transistorised D.C. amplifiers and function generators. 

With navigational problems where high accuracy 
was required and the computor formed part of an open 
loop system, mechanical elements had certain advant- 
ages. Co-ordinate transformations presented difficulties 
when high accuracy was required and considerations of 
size and weight might prohibit synchro-servo systems. 

The solution would appear to lie in a rotary (not bar 
linkage), versatile and accurate mechanical function 
generator such as the pin wheel gear. In the latter 
case the equations of the problem must be expressed in 
a suitable form (each function might have to be 
bounded and monotonic) and the most difficult part of 
the design became the choosing of the optimum 
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mathematical method given a certain class of function 
generators. As a trivial example, it was preferable to 
compute 6 from the expression a cos 6=b sin 6, using 
feed-back, than to form the quotient a/b and feed this 
quantity into a tan~' function generator. 

It might be noted that in the operation of pin wheel 
gears containing a large number of teeth with back lash, 
the overall accuracy was determined by the number of 
teeth, and the computation was to be regarded as 
digital rather than analogue. 

In more complex computors it might be desirable to 
incorporate memory systems and finite time delays, and 
in this field a happy marriage between analogue and 
digital computor was likely to prove most fruitful. 


J. J. FoODY (Chief Mathematician, Short Bros. and 
Harland, Graduate): It had been pointed out by 
Mr. Diprose and some speakers that they might use an 
analogue computor to help to simulate a system and 
actually test components using a human pilot in the 
loop. He did not think it was yet proven that they 
could give the human pilot the proper presentation of 
the facts. It could be done, as an earlier speaker 
pointed out, by presenting a blind flying panel or some- 
thing like that. It could also be done by a spot or 
C.R., or by a cloudscape. He would like Mr. Diprose’s 
opinion on what he thought of the possibilities of 
presenting information to the pilot in such a way as to 
make him react as he would on an actual aircraft? 

He was surprised that Mr. Diprose held out such 
prospects for the electrolitic tank. He had thought 
that the electrolitic tank was largely a laboratory 
instrument and while it did some work on occasions in 
the laboratory it was doubtful if it had ever done any 
good work on a productive basis. 

An earlier speaker had tried to point out that an 
analogue computor could be used for synthesis and a 
digital for analysis. He would like to put that problem 
in a slightly different fashion. Suppose they assumed 
that in the aeronautical field, all problems could be 
divided into either partial differential equations or 


ordinary differential equations. If they were dealing 
with partial differential equations, they were dealing 
with a system in which they needed quite a large number 
of freedoms and therefore they should go to digital 
computation. Whereas if they were dealing with 
problems which could be reduced to ordinary differ. 
ential equations, in general they were dealing with 
problems of a small number of degrees of freedom and 
therefore an analogue computor was indicated. He 
would like Mr. Diprose’s comments on those remarks, 


E. T. JONES (Chairman): Before bringing this 
interesting discussion to a close he felt on reflection that 
he had not given the Lecturer all the credit for the work 


he had done in this field and he was glad, therefore, that 


Dr. Hollingdale had added to his introduction. He 
thought they would all realise, after hearing the way in 
which Mr. Diprose gave the Lecture and dealt with the 
discussion, that he was a pioneer as well as an expert in 
the field. The other point which he had missed out in 
the introduction was that Mr. Diprose was no longer 
with the R.A.E. He was now a member of A. V. Roe 
& Co. Ltd. in the weapons research department. 


This was the first main Lecture they had had on this 
subject and he thought it was fitting, as it marked rather 
notably the change of emphasis associated with the 
second 50 years of powered flight. He was sure that 
as time went on they would have more lectures in the 
computing field. When he was a_ youngster at 
Farnborough he and his colleagues used to say “ what 
we want, you know, is some lady-computors to take 
away a lot of this arithmetical work from us, you see 
if we had this help we could do with less scientific staff.” 
Now, young people said to their bosses “ what we want 
is a lot of computing machines because we can then do 
away with quite a lot of staff.” But things did not 
work that way. More computors made more work and 
more computing machines would make more and more 
problems. That was the way in which aeronautics had 
gone in the first 50 years and no doubt it would go that 
way in the second 50 years. 


MR, DIPROSE’S REPLY 


MR. HADEKEL: Mr. Hadekel’s example was a 
very good example of the type of problem where there 
was an enormous possible variation of parameters that 
had to be covered and hence was particularly suited to 
analogue computing. It was an application where one 
would particularly appreciate having knobs on which 
the variables could be put just as they occurred, i.e. 
without scaling. Of all the examples which occurred 
in aeronautics, the initial design stages of things like 
auto-pilots were perhaps the clearest example for which 
an analogue was ideally suited. 

The example that DR. HOLLINGDALE gave of doing 
auto-correlation functions, on the other hand, was one 
in which there was a conflict of the requirements. It 
was not particularly a trial and error process but it was 
one in which a great deal of actual computing was 


required to produce a relatively insignificant answer and 
the very high computing speed of an analogue computor 
was the one reason for using it in that application. 


MR. LLOYD THOMAS: As to the convenience of the 
plugboard provided on the Short simulator he admitted 
that he spoke in ignorance of ever having used such a 
one and perhaps one did get to like it when one had 
used it, but it did not strike him as being readily 
understandable to a newcomer. The individual inputs 
and outputs appeared on a plugboard on which the 
connections were not done with long trailing leads but 
with little plugs which just bridged to adjacent pins, so 
that to make it possible to connect any unit A to any 
unit B the input and output terminals had to occur 
mixed up in a beautiful muddle all over the board and 
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each one occurred many times; but that was the 
impression of someone who had not used it and he 
would very much like to find the time to use a Short 
computor and perhaps revise his ideas. 

Electro-mechanical computors could certainly be 
used for long term computations but he would have 
thought that in most aeronautical applications it could 
not be made fast enough because even on the longer 
time solution one usualiy wanted some computation 
done too fast for that style of computing. 

It was not entirely impossible to record these fast 
repetitive solutions on a pen recorder. The N.P.L. had 
been running for some time a repetitive differential 
analyser type of computor in which a sample was taken 
from each solution, so that from a succession of rapid 
solutions one slow one was produced by a kind of 
stroboscopic action. As regards the camera he had 
never really understood what the objection was to 
the Polaroid-Land system, whether it was just non- 
availability in this country. Whenever he had seen it 
in the United States it always seemed to be considered 
a perfectly satisfactory method of getting the answers 
recorded. He was just ignorant of that and must also 
plead ignorance as to whether these computors were 
machines or instruments. He believed that in the 
Lecture he referred to them as both quite impartially. 


MR. TIZARD: He must thank Mr. Tizard for tidying 
up many points of the Lecture. He did not intend to 
imply that the time of set of problem upon an electronic 
differential analyser was a serious objection, merely that 
it existed and could be raised as an objection to that 
class of computor. 

Mr. Tizard mentioned the question of getting out 
from the problem answers which one had not foreseen 
needing; that he thought was the sort of occasion when 
one needed to be able to understand the set-up without 
working through all the plugs and sockets and where 
he would have imagined a computor like the Short was 
more difficult to manipulate. 

The only point on which he thought he would differ 
from Mr. Tizard was that he did not feel nearly so 
happy as Mr. Tizard appeared to be on the existence 
of satisfactory multipliers in the electronic analogue 
computing field. They were getting better year by year 
but he would hardly say they were satisfactory. 


MR. ARCHIBALD: In the Lecture he had not 
mentioned any of the possibilities of using computors 
under what might be called operational conditions, that 
was to say, not to compute the responses of a system as 
a detached piece of mathematics, but while the system 
was doing useful work, it was obviously an application 
where the speed of computing was of prime importance 
and a kind of use for which an analogue seemed to be 
suited. 

Mr. Archibald did not mention the possibility of 


function generation by the use of linear diodes. He 
considered that, in general, it would result in making a 
unit much smaller than the cathode-ray tube unit. The 
type of thing he had in mind was a unit with rectifiers 
and batteries; with slight extra complications circuits 
could be developed for all other kinds. For the 
purpose of generating a finite time delay it might be 
represented as an infinite product of a number of very 
small exponential delays. | These were quite easy to 
generate on the usual analogue computor, but the finite 
time delay was not. The magnetic tape was a possibility 
for that, but using a magnetic tape did not necessarily 
require the results to be put into digital form. 


MR. FOODY: Taking Mr. Foody’s last point first, he 
thought that he perhaps went very rapidly through the 
example which he had worked out on the deflection of 
a beam having a number of degrees of freedom, but the 
point of the example there should have been that the 
penalties of having a large number of degrees of 
freedom were not nearly so serious on an analogue 
computor as would appear to be from the standard 
analytical approach. An analogue system in which the 
stiffnesses, masses, and so forth were represented by 
passive units, could be multiplied to almost any number 
of degrees of freedom, subject only to the cost of the 
components, without showing any serious ill condition- 
ing and he would be quite prepared to guarantee that a 
computor could be designed and built which would cope 
with, say, 50 or more degrees of freedom without 
bother, yet he thought that 50 degrees of freedom would 
give rather a large amount of work even for the ACE, 
and any more than that would probably result in requir- 
ing more digital accuracy than even the ACE on double 
length arithmetic, would be prepared to give. In spite 
of that he thought the analogue computor would hold 
its own. 

He did not know that any really useful aeronautical 
work had been done in this country with the electrolytic 
tank but he thought that no one would deny that 
Malavard’s work in France came into the category of 
useful output and in Great Britain other professions 
than aeronautics had made useful use of the tank. It 
had been quite usefully employed, for example, in the 
design of the electrical stresses in large insulators and in 
a number of other cases involving electrostatic fields. 
Also, he thought, in electron optics. He thought that 
there had not been in the aeronautical world a combina- 
tion of the urgent problem to be done and the right man 
to do it at the same time but that a tank could be made 
that could be used by the non-electrical engineer. 

He could not give any answer on the spur of the 
moment on the best way of getting information into the 
pilot in the way that would give the natural reaction that 
would occur in practice. He knew that was a difficult 
problem. 
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Some Aspects of Modern Aircraft Materials 


by 


H. SUTTON, C.BE., DiSc., PR AeS., FM. 
(Director, Materials Research and Development (Air) Ministry of Supply) 


1. Steels 

Wartime experience with aircraft steels emphasised 
the desirability of a complete revision of specifications 
for aircraft steels from both the technical and inspec- 
tional points of view. This was undertaken in associa- 
tion with the steel makers and the Society of British 
Aircraft Constructors under the aegis of the British 
Standards Institution. The aims were 


(i) To reduce the number of basic types of steels 
to a minimum, consistent with satisfying the 
demands of aircraft engineers. 

To transfer as many materials from the D.T.D. 
series of specifications to the B.S. Aircraft 
series. 

To prepare an Inspection and _ Testing 
Schedule, which would exist separately from 
the Materials Specifications, but applicable to 
all steels in whatever form they may be 
required. 

To achieve a degree of economy in alloying 
elements, again without detriment to the 
satisfying of designer’s requirements. 


The Inspection and testing schedule was issued as 
British Standard $100 in January 1949, but significant 
difficulties in its full application appeared in practice 
and it was not until the second half of 1952 that agree- 
ment was reached to put into practice the current 
standard 2 $100. 

It is hardly necessary to list the alterations in detail : 
these can all be found by consulting the indexes to 
specifications published by H.M.S.O. and the British 
Standards Institution. One example of the kind of 
change that has been made may be mentioned. The 
old established S2 and SI1 have been cancelled and 
replaced by S94, S95 and S96, which cover bars of 
increasing cross-sectional area, the alloying elements 
being increased correspondingly to ensure attainment 
of the desired properties throughout. In this way, the 
use of S11 for small bars which is wasteful in alloying 
elements is avoided and $94, representing an appreci- 
able economy, is used instead. 

For constructional steels, the requirements will, in 
general, be met as follows :— 


55/65 ton range—EN 18, EN 110 types, or $94, S95, 
$96. 

65/75 ton range—EN 100, EN 110, EN 24 types, 
together with S97. 

75/85 ton range—EN 24, EN 25 types, together with 
$98. 

80/90 ton range—EN 24 type, together with $99. 

100 tons min.—D.T.D. 551 type and 3 $28 for air 
hardening, or EN 25 type for oil-hardening. 


(ii) 


(iii) 


(iv) 


*A Section Lecture given before the Society on 13th April 1954. 
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Similar procedure is being followed in respect of aircraft 
steel sheets i.e. an Inspection and Testing Schedule op 
the lines of 2 S100 and revised material specifications to 
cover the different types. 

In the field of carburising steels, following the issue 
of specifications covering the EN 351 to 355 and 
EN 361 to 363 steels, the suitability of these steels for 


aircraft and aero-engine work is being investigated ; 


urgently by a number of aircraft and aero-engine firms, 
the steels selected as most likely to meet the require. 
ments being EN 351, 353, 354, 355 and 361. 

The principle which is followed is to use the standard 
steel types of BS 970 and only in special, e.g. high 
temperature materials, has it been necessary to depart 
from this. 

As regards types of steels for use in airframes there 
are two features which are regarded as important and 
to which experimental effort is being applied. The 
atmospheric temperatures at heights now concerned are 
low, e.g. down to — 90°C, and although steel parts of 
present aircraft do not normally get cooled to quite 
such low temperatures as those of the atmosphere 
during flight, it is important that steels used in positions 
where the cooling effect may be substantial shall not 
become very brittle, especially for defence aircraft, at 
the lowest temperatures likely to be encountered. 


In British aircraft there has for many years been 
quite considerable use of the type formerly covered by 
Specification D.T.D.331, now $99 nickel-chrome- 
molybdenum steel. As regards elastic properties and 
the influence of temperatures up to 400°, high strength 
steels are attractive. Attainment of the desired mech- 


anical properties in large pieces, heat treatment without | 


excessive distortion and in such a way as to avoid 
serious distortion in finishing, and attainment of satis- 


factory impact resistance at low temperatures are f 
matters of importance in this connection. In the U.S.A. } 


aircraft engineers are paying attention to high strength 
steels of the 4340 type, Hy-Tuf and variants of these 
steels." 

Past experience of very strong steels has shown that 
as materials they are very sensitive to stress raisers, 
surface treatments and are rather temperamental 
generally. The use of such steels as main materials of 


primary structure promises to afford much scope for 


exercise of the skill of the metallurgists concerned. 


It is not improbable that high-chromium heat- } 


treatable steels and also the age hardening chrome- 
nickel stainless steel will find more extensive applica- 
tions in aircraft of the future, their resistance to 


corrosion and to effects of heating to moderate tempera- | 


tures being favourable points together with heat 
treatability to give fairly high strength properties. 

Steel castings for airframe components are supplied 
to two specifications : 
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The castings are produced in, and supplied by, 
foundries which have been specially approved for the 
, work on the basis of statistical mechanical tests of large 
numbers of castings in which the results must show not 
more than a prescribed amount of scatter. Composition 
is not specified but the founder selects it to suit the 
ruling section of the particular castings by provision of 
sufficient hardenability and at the same time permitting 
maintenance of ductility in the heat-treated casting. 


*, Test pieces are taken from appropriate parts of the cast- 


ings. A good many castings have been supplied in one 
per cent. chrome-molybdenum steel and larger ones in 
two per cent. Cr-Mo. 

Several founders have been approved for production 
of, and are producing, precision castings to these two 
specifications for use in air-frames. 


2. Wrought Light Alloys 


It may be appropriate to mention some changes 
completed some time ago regarding the high-strength 
duralumin-type alloys in wrought forms after extensive 
investigations and collaboration between the Aluminium 
Industry Council, the §.B.A.C. and the Ministry of 
Supply, when adoption of the X composition was 
agreed. Some of the new specifications are :— 


British Specification: 

L62 (replacing 5 T4) Tubes, aged at room temperature. 

L63 (replacing D.T.D. 464A) Tubes, precipitation 
treated. 

L64 (replacing 6 L1 and 2L39) Bars, extruded sections 

] and forgings aged at room temperature. 
L65 (replacing D.T.D. 364B) Bars, extruded sections 
and forgings precipitation treated. 

L70 (corresponding to D.T.D. 603B) Sheet and strips, 
aged at room temperature. 

L71 (corresponding to D.T.D. 646B) Sheet and strip, 
precipitation treated. 

L72 (corresponding to D.T.D. 610B) Aluminium-coated 
sheet and strip, aged at room temperature. 

L73 (corresponding to D.T.D. 546B) Aluminium-coated 
sheet and strip, precipitation treated. 


The new specifications specify a slightly lower 
nominal solution treatment temperature than that which 
obtained for the so-called B composition in the now 
replaced D.T.D. specifications; the specified temperature 
| fange provides a satisfactory safeguard against over- 
heating and is satisfactory for the attainment of the 
_ specified mechanical properties. The advantages 
deriving from the adoption of the single composition 
and the single heat-treatment temperature are melts of 
_ standard range of composition for billet and slab 
casting to yield bars, sections, sheets and strip, and for 
the user, material from different manufacturers and in 
various forms heat-treatable together in the same plant. 

The supply of the special tolerance sheet materials 
to specifications D.T.D. 706, D.T.D. 710 and D.T.D. 746 
to the compositional and heat treatment requirements of 
_ the new British Standards continues. 


H. SUTTON 
D.T.D.666 —D.T.D. 705 2.1. NEW TYPES OF LIGHT ALLOY 
0-1 per cent. proof stress Research work during recent years at the Fulmer 
 _ os as 45 60 Research Institute which had as its main objective a 
Ultimate tensile stress T/in. 60 75-82 better understanding of the age hardening phenomena 
Izod ft. Ib. ... si si 30 14 in alloys, has produced results which may have import- 
Elongation per cent. on 4A 30 10 ant influence on future trends in wrought aluminium 


alloy development.’ 

Dr. Hardy first studied the effect of third elements 
on the ageing characteristics of cast and heat-treated 
alloys of aluminium containing 4 per cent. of copper 
with a small amount of titanium 0-15 ,per cent., and 
without or with addition of small amounts of other 
metals. Cadmium additions of the order of 0-05 to 0-1 
per cent. were found to retard natural ageing, but 
greatly to accelerate artificial ageing at 165°C. Further 
investigations on alloys of normal purity have shown 
that cadmium additions of the order of 0-08 to 0-10 per 
cent. greatly increased the strength in the artificially 
aged condition, of cast and wrought aluminium and 
copper alloys containing 4 to 5 per cent. of copper. 
This behaviour and the quantity of cadmium required 
were found to be unaffected by the simultaneous 
presence of iron, silicon and manganese and by separate 
additions of silicon, nickel, zinc or small quantities of 
magnesium. 

Practical experience of alloys prepared on a 
technical scale indicates that artificially aged alloys can, 
in the form of sheets and strip, tubes and sections, give 
properties of the order of those of L71 (formerly D.T.D. 
646B), L63 (formerly D.T.D. 464) and L65 (formerly 
D.T.D. 364). From the point of view of alloy manufac- 
ture, the alloys possess advantages in excellent hot and 
cold working characteristics, high extrusion speeds and 
less proneness to peripheral coarse-grained structure in 
extruded sections than other high and very high strength 
light alloys. 


Aluminium Copper-Cadmium Alloy 
Composition (recommended) 


Cu 4°8-5:4 per cent. Mg 0-10 (< 0-2 pref.) per cent. 
Cd 0:1-0-15 percent. Sn <0-03 percent. 
Si < 0:25 per cent. Pb < 0-05 per cent. 
Fe <0-3 percent. Zn <0-05 per cent. 


Mn 0°3-0°8 pref.) Ni 
Ti < 0-2 (0°1-0-15 pref.) Cr 


< 0:05 per cent. 
< 0-02 per cent. 


2.2. HEAT-TREATMENT 


Solution treatment 530+ 5°C. 
Ageing treatment 
< 16 hours at 165°C. 

or < 10 hours at 170°C. 

Ageing of parts to be cold-worked 2-3 hours at 170° 
before cold-working and 6 to 12 hours at 170° after 
cold-working. 

The fully heat-treated alloys possess, so far as can 
be judged from available but at present limited 
experience, somewhat higher resistance to corrosion 
than comparable alloys without cadmium additions, and 
a high degree of resistance to intercrystalline corrosion. 
The alloys possess excellent forging characteristics and 
a noteworthy feature of the forgings and other wrought 
forms is the smaller difference in mechanical properties 
along, and transverse to, the grain of the forging or 
piece. 
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The extremely small amount of age-hardening of the 
alloys at normal temperature allows them to be cold- 
formed long after solution heat-treatment, which is not 
the case with the usual alloys of comparable strength 
properties. On the other hand, for optimum mechani- 
cal and general properties all forms would require 
artificial ageing at about 165°C. After such treatment, 
exposure to temperatures up to 150°C. would be 
unlikely to have any permanent detrimental effect. 

Welding experiments on clad sheets 0-104 in. thick 
have shown promising weldability by the argon-arc 
process, the welded samples after re-heat treatment 
having a Proof Stress 0-1 per cent. of 24 to 25 tons/in.*, 
max. Stress of 28-6 to 30 tons/in.* and 6 to 12 per cent. 
elongation. 

Research and development work on these alloys 
continues at the Fulmer Research Institute, in the light 
alloy industry and in the aircraft industry. 

Research work continues on wrought aluminium 
alloys of improved modulus of elasticity. Laboratory 
work by Dudzinski at the Royal Aircraft Establishment 
showed that certain other metals, notably cobalt, nickel 
and manganese raise the modulus of aluminium. 

Unfortunately, when the amounts of these elements 
present are substantial, whether they are present singly 
or together, the alloys do not possess attractive general 
mechanical properties in the absence of more favourable 
alloying elements. It has been found, however, that an 
alloy of aluminium with about 10 per cent. of silicon is 
a useful basis on which to work. Alloys of nominal 
composition 4 Cu, 0:3 Mg, 10:25 Si, 0:3 Fe, 2-3 Ni, 0-2 
Co per cent. are being studied by Aluminium Labora- 
tories, Banbury. Omission of manganese has been 
found to enable casting of ingots for subsequent work- 
ing to be performed more easily than in similar alloys 
containing additions of manganese. Sheets rolled in the 
experimental alloy have shown properties of the order 
of 23 T/in.” Proof Stress (0:1 per cent.) 28 T/in.* Ulti- 
mate Tensile Stress, 3 per cent. Elongation, 11°55 x 
10° Ib./in.* Young’s Modulus. The alloys do not 
appear to be very resistant to corrosion nor to stress- 
corrosion at present. 

An interesting development is the S.A.P. (Sinter 
Aluminium Pulver) of von Zeerleder and Irmann. which 
consists of an extruded aggregate of aluminium and 
finely dispersed oxide. Samples recently examined in 
the United Kingdom have a density value of 2-77, 
tensile proof stress (0-1 per cent.) about 14 tons/in.’, 
ultimate tensile stress about 24 tons/in.* and elongation 
about 10 per cent. Although the strength properties at 
raised temperatures are substantially lower than at room 
temperature, they come back practically to normal after 
cooling to normal temperature. The creep and fatigue 
properties at raised temperatures are of particular 
interest, e.g. as observed in tests at 400°C., which are 
very high for an aluminium-base alloy:— 


Creep Strain 300 hour (400°C.) 1,000 hour (400°C.) 
0-1 per cent. 4:0 T/in.? 3-7 T/in.? 
0:2 per cent. 4:8 T/in.? T/in.? 
Cycles of Fatigue 
Stress Stress (at 400°C.) Stress (at Room Temp.) 
10° +6:0 T/in.? T/in.? 


108 T/in.? 


+7°5 T/in.? 
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3. Magnesium-rich Alloys 


Magnesium alloys continue to find application on q 
very considerable scale for castings in engines and air. 
frames, the utilisation of the wrought alloys being on, 
very much smaller scale. 


A noteworthy feature of the magnesium Casting 
alloy work of recent years is the advancing use of 
zirconium in these alloys and also the use of rare earth 
elements especially in the latter case for alloys that yj 
be used at raised temperatures. 

The 4:5 per cent. Zinc 0-7 per cent. Zirconium alloy 
ZSZ finds extensive use for castings for airframe fittings 
(Specifications D.T.D. 711 (as cast): 721 (heat treated)) 
A variant of the same alloy (Zn 4-0, Zr 0-7, Rare Earths 
1-3 per cent.) is proving attractive for “spidery ” cag. ; 
ings which, in other alloys would be very prone to 
internal porosity. For castings for use in engines 
extensive use is made of the rare-earth alloys MCZ 
(Rare Earths 3-0 per cent., Zr 0-6 per cent.) and ZRE| 
(Rare Earths 2-7 per cent., Zn 2:2, Zr 0-6 per cent) 
which possess good creep resistance up to 250°C. 

An addition of thorium is used in the ZT1 alloy 
(Th 3:0, Zn 2:2, Zr 0-7 per cent.) to give further 
improvement in creep resistance. In another alloy TZ 
(Th 1-8, Zn 5-8, Zr 0:7) the proportion of thorium js 
lower and that of zinc higher. TZ6 castings show a 
high degree of freedom from microporosity. 

An important problem in connection with the use of | 
magnesium alloy castings is the removal of sand and 
other matter from the castings without the use of iron 


shot or grit-blasting, contamination with iron being very | 


undesirable on account of injury to the corrosion 
resistance. It appears probable that for this purpose 
anodic treatments such as the H.A.E. process and 
ammonium-fluoride bath treatment will prove advan- 
tageous. The anodic films form a good base for paints | 
and varnishes. Close-textured, abrasion-resistant films 
can be produced, if desired. 


4. Fatigue 


At the present time probably no single aspect of 
aircraft structures is engaging the attention of aircraft 
engineers and designers more seriously than that of 
fatigue. 


There are many aspects of fatigue of materials, as} 


such, that are of special importance. While plain 
specimens of many of the strong light alloys show S-n 


curves of progressively falling characteristics, the 75S-\ 


D.T.D. 683 type of wrought light alloy tends to a more 
definite limit at long endurances as pointed out by T. T. 
Oberg.’ Many of the strong steels and also titanium 
alloys have fatigue curves which compare very favour- 


ably with those of the strong light alloys at normal} 
temperatures and still more favourably at raised 


al 


temperatures. Most materials, however, show pro- pro 


gressive fall of stress-endurance when they are tested at 
raised temperatures and this is true of the currently used 


heat-resisting alloys at temperatures at which they are} 
used. To improve fatigue performance at raised} i 
temperatures is a problem on which increasing effort 


might prove of the greatest value. 
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FATIGUE TESTS OF DURALUMIN, L1, UNPROTECTED AND PROTECTED, IN AIR AND IN SALT SPRAY (3 PER CENT. NaCl) 
IN WOHLER TYPE MACHINE 
n ona > — 
Stresses, T /in.? 
— Test in Protective Supplementary for given wea Endurance ratios 
Na ir or surface organic 
an spray Pvc. <a Pistol 10 million 50 million 10 million 50 million 
-astin cycles cycles cycles cycles 
use Air * Anodic +11-2 +11-0 0-42 0-41 
earth SS. *Anodic Synthetic resin +122 + 95 0-45 0-35 
tw; > varnish (stoved) 
at will Air ne = + 91 + 9-0 0.34 0-33 
S.S. *Anodic Pigmented oil + 95 + 83 0:35 0°31 
1 alloy varnish 
ittings S.S. * Anodic Cellulose enamel + 83 + 7:7 0:31 0-29 
ited) S.S. Zinc plated — + 68 + 64 0°25 0:24 
S:S. Synthetic resin + 64 $7 0:24 0-21 
Earths varnish (stoved) . 
Cast. =) Ss. — Pigmented oil + 7°5 + 59 -28 0-22 
NE to varnish 
MCZ aluminium 
SS. * Anodic Lanolin + 48 + 45 0-18 0-17 
ZRE\ Ss. mo Cellulose enamel + 44 + 43 0°16 0°16 
cent) Ss, Lanolin + 26 0-12 0:10 
Ss. + 3-0 0-12 011 
alloy *Chromic acid bath. 
urther 
um js Fatigue range is reduced by mean tension stress in per cent. below that of cylindrical test pieces from the 


10W a 


use of 


varying degrees in different materials. Ductile steels 
and strong light alloys are not so powerfully affected 
by mean tension stress of a moderate order as are some 


same material. A similar effect has been found in 
extrusions in the 3Zn } Zr Magnesium alloy, D.T.D. 622. 
Research work on methods of producing wrought 


d and ¢ other materials, e.g. magnesium alloys, but it is import- sections and shapes in light alloys in such a way that 
f iron | ant that methods of assembly of structures shall be such their surfaces shall have favourable effect on the fatigue 


very 
rosion 


as not to introduce appreciable locked up stresses. 


Notches and other features which give rise to 
bi-axial and tri-axial stressing influence fatigue strength 


strength of the pieces appears likely to be well worth 
while. 
The conditions of operation of modern aircraft, both 


Se . . eae e 

— and may be responsible for very low limits of fatigue civil and military, demand ability to withstand the 
dvan- } stress. Low temperatures of interest to the aircraft operational stresses and conditions over long periods. 
paints designer generally lessen the stress concentration factor While the designer can produce designs and the con- 
films 2 for fatigue in aluminium alloys, but there is some structor can construct structures which when tested 


act of 


ircraft 
at of 


evidence that in the very strong wrought light alloy 
| D.T.D 363, the transverse fatigue properties, which may 
be appreciably lower than the longitudinal, are no 
higher at - 40°C. than at normal temperature whether 
observed on plain or notched specimens. 


} Studies of cumulative effect in various laboratories 
have so far indicated that in the currently used wrought 
aluminium alloys, the injury by fatigue stress cycles is 
indeed cumulative, but that the combined effects of 
cycles of different magnitude cannot readily be related 


statically and dynamically in the experimental shop give 
satisfactory performance, the results of such tests may 
be somewhat misleading. The ambient atmospheric 
conditions and conditions of surface treatment may 
profoundly affect the endurance of the parts under 
applied fatigue stresses even in the laboratory or work- 
shop and to an even greater extent in service. The 
effects are strongly brought out by fatigue tests of 
duralumin, LI, in air or in salt spray, with and without 
previously applied protective treatments. For instance 


lain} ~?. be ; : anodic treatment (chromic acid) and a synthetic resin 
L s-n) With precision to the actual life of the ee varnish result in the fatigue acticieunia salt spray 
75S In an interesting study of the effect of prior repeated — being appreciably better than that of the bare material 
more ¢ Stressing on the fatigue life of 75S-T, T. J. Dolan and in air. 

T.T.| H. F. Brown") found that the trends of the results When investigating fretting corrosion between 
inium { indicated that the proportionate damage was greater mating surfaces under load and slight relative move- 
vour-} than the cycle ratio of the pre-stressing when the magni- ment, Dr. K. H. R. Wright“? found that the damage to 
ormal | tude of the pre-stress was greater than that of the test mating steel surfaces, unlubricated, was much affected 
raised ¢ Stress. For a pre-stress lower than the test-stress, the by the humidity of the atmosphere, being under one 
pil proportionate damage was less than the cycle-ratio. particular set of conditions 2-3 times as great at 100 
ted at The fatigue properties of extrusions in the currently fer cent. humidity, and 4-6 times as great at 0 per cent. 
used } used strong aluminium alloys are frequently lower when humidity, as that which occurred at 50 per cent. 
y ate} the original extruded surface remains than after polish- humidity. In these experiments the steel used was a 
raised ing or machining. A paper by Forrest. Gunn and 1 per cent. C, 1-5 Mn, 0-5 W steel. The effects of surface 
effort!) Woodward) has shown that the fatigue strength of treatments were studied and also gave very interesting 


fully machined Z section in D.T.D. 364 is about 20-30 


results : — 


Is, as 
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Damage (Area x depth x 10-4 cu.cm.) 


Untreated aluminium alloy Steel Aluminium 
(VPN 150) against steel 
Phosphate treated aluminium 
alloy against steel 
Lubricated* 1:9 < 04 
Dry 8-1 56 
Anodised aluminium alloy 
against Steel 
Lubricated+ 0-2 < 01 
Dry 12-7 0-9 


+Lubricant—B.P. paraffin. 


An important feature of ‘fretting’ is its relationship 
to fatigue. Practical engineers have been well aware 
for a long time of the tendency for fatigue cracks to 
form where ‘fretting’ occurs in parts subjected to fluc- 
tuating stresses. Recent work at the Mechanical 
Engineering Research Laboratory on a pin joint (65 ton 
steel) in D.T.D. 364 bar showed a fatigue stress concen- 
tration factor at the hole in the light alloy plate without 
pin of 2} to 44, and about 18 for the loaded hole, i.e. 
when the entire joint was subjected to fatigue stress. 
Fretting in the hole was alleviated to some extent, and 
the fatigue performance improved by grinding flats on 
the pins at places at which fretting would otherwise have 
been very severe. Dr. Wright mentions the great benefit 
gained by phosphate treatment and lubrication of sur- 
faces of steel and aluminium alloy, and by anodic 
treatment and lubrication of aluminium alloy. There 
is clearly scope for much improvement of joints in 
resistance to fatigue by specially selected surface treat- 
ments of the mating surfaces, not only in steels and light 
alloys but in other materials. 


5. Titanium 


An excellent paper has been given by Teed‘, but a 
few points which appear to the author to be important 
may appropriately be mentioned in relation to aircraft 
and aero-engine work. 

Titanium is paramagnetic. The metal itself and 
indeed the titanium-rich alloys that have been studied 
are very highly resistant to corrosion under atmospheric 
and marine conditions of exposure, by nitric acid and 
by many other chemicals. Commercial grades of 
titanium are much stronger than the pure metal and 
when supplied in forms having sufficient ductility, can 
clearly be used as such for many parts of aircraft and 
equipment, particularly in ‘heat-zones. The alloys 
appear to offer a range of materials having strength and 
general properties similar to those possessed by the 
austenitic steels but with only 55 per cent. of the weight. 

Many of the alloys possess attractive resistance to 
creep at temperatures up to 350° and in some cases to 
400°C. In recent research in the United Kingdom 
endeavour has been made to obtain alloys to withstand 
a stress of 35 T/in.” at 300°C. rising to 400°C. with 
no more than 0:5 per cent. creep strain in 300 hours for 
blades and discs of compressors. Consideration is also 
being given to alloys for cooled turbine discs to with- 
stand for 300 hours a stress of 14 tons/in.? at 450° and 
30 at 370°C. with not more than 0:5 per cent. creep 
strain. Alloys can be prepared to meet these 
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requirements and it is hoped that parts can be many. } pf 
factured, the next stage being experimental component, | wi 

The fatigue and corrosion fatigue properties of § 
titanium-rich alloys so far as these have been inVestiga. pe 
ted are very interesting: the alloys show some degre bu 
of notch sensitivity and low damping. we 

While the metal and many alloys can be forged § 4" 


rolled, extruded, drawn and so on under suitable cop. TI 
ditions, working in the cold generally requires powerfy| by 
an 


equipment and tends to be heavy on tools, i.¢. to te 
attended by considerable wear. Working of sheet, } 2° 
strip, sections, and so on, to the desired forms is much 
facilitated by preheating or hot forming at temperature; 
of the order of 300° to 400°C. tra 

The metal and alloys have a tendency to pressure. ” 
weld which may result in galling under moderate to , 


high local pressures. For resistance to the effects of : 
sliding friction, surface treatments of which there is , = 
wide range available, will be required. He 

Titanium alloys and titanium offer scope for _ 
considerable saving of weight in parts in the nacelle a 
area, bulk heads, in structures near jet pipes, landing , 
gear, bolts and nuts, tubing for hydraulic and other y 
services, compressor discs and blades, cooled turbine ¥ 
discs and so on. Resistance welding of titanium and i 
alloys shows promise. Inert arc welding also shows be 
promise, especially for metal or alloys of high initial rai 
ductility and when an inert atmosphere can be main. § 4 
tained on all sides of the section being welded. “ 


Machining of titanium and titanium alloys is not} mg 
easy and much endeavour is being applied to the 
development of the appropriate techniques. Titanium } pj. 
and alloys can be surface hardened by carburising (\ pe; 
carbo-nitriding, nitriding and boronising; they can also F for 
be anodically oxidised in suitable baths. Ki 

Inert arc melting metal to metal is the one which spy 
shows more promise. Inhomogeneity of composition } Pre 
of alloys appears to be liable to occur and to necessitate | pre 
remelting, e.g. of bars produced in one melter by making } pis: 
them the electrode in a larger melter. The levels of f afi 
impurities notably oxygen, nitrogen, and carbon much} an¢ 
affect the ductility of strong titanium alloys and sponge} the 
which gives low hardness on_ remelting without 
additions is required for preparation of some of the? nec 
strong titanium alloys so that they may have good} ove 
ductility, also for creep-resistant alloys. lim 

Materials for contact with molten titanium for 
melting and casting work would be useful and none} dj-¢ 


appears to be known yet. turl 
6. Non-Metallic Materials “mel 


The rapidly increasing performance of aircraft and} tn, 
the great altitudes now attainable have emphasised the}, sub 
need for absolute reliability of the transparencies since} _ 
the lives of the crew and passengers depend upon their} di-e 
satisfactory behaviour. The tremendous increase in lier 
aircraft speeds and operating altitudes have resulted in | for 
much greater air loads on the transparent  surfaces.|) torc 
although the materials available for construction of} SY" 
transparencies are basically similar to those used fifteen} '™ 
years ago. The present stringent requirements can only | !OW 
be met by the most careful design. As the materials’ °XP 
have to be chosen primarily for their transparent @ 
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na rties and secondly for strength, durability and 
nents & weight, It Is perhaps not surprising, although unfortu- 
'€ nate, that none of the currently used materials—glass, 
of polymethyl methacrylate (Perspex) and_ polyvinal 
— butyral (Vinal) has the high strength properties that 
= would make them readily adaptable as materials of 
aircraft construction in the usual sense of the term. 
reel Thick panels are inevitable but much has been achieved 
bo by development of strength properties by heat treatment 
verful and lamination. Research work is in progress on chloro- 
sich acrylates, polyvinal butyral modified by cross-linking 
hes, and in other fields of the chemistry of plastics, with a 
wore) view to developing interlayer materials and laminated 
atures ff transparencies having improved temperature ranges of 
application. 
wand: Experimental work on the development of radomes 
ate to | to withstand higher temperatures and high speeds is no 
ts of | Jess important. New laminating resins are under 
© Si] investigation to give increased strength at high tempera- 
tures. Improved core materials—Hycar, honeycomb, 
> for} resins foamed in situ are also showing promise of 
acelle | substantial improvement.) Work is in progress on the 
inding problem of improving contact between glass and resin 
othe} at the interface, the object being to reduce moisture 
urbine pick-up and consequential degradation of di-electric 
n and } properties. Erosion of radomes and leading edges is a 
shows | major problem, the effects of flying at high speed in 
initial ) rain being particularly severe; some success has been 
main- } achieved by the use of Neoprene coatings for speeds up 
to 500 m.p.h. Many other types of coating and 
is Not} materials have been tried with less success. 
Othe Various methods have been proposed for the de- 
oa misting and de-icing of windscreens, the most promising 
rising, \ being the use of transparent electrically conducting films 
n also #* for heating the screens. Development work in the United 
Kingdom following up research work at N.P.L. on 
Which sputtered films is making good progress. Gillham and 
sition} Preston have published recently an account of their 
ssitate | preliminary studies of their films mainly of gold and 
naking } bismuth oxide.“” The present results show properties 
els of affording scope for selection of films of different resist- 
much } ance and optical transmission. There is little doubt of 
sponge } the future of this technique. 
ithout} Advances in aircraft design and performance have 
of the / necessitated development of new lubricants to operate 
good} over considerable ranges of temperature outside the 
limits achievable with petroleum-based materials. 
* for Most prominent among synthetic lubricants are the 
none 


ft and 
ed the 
S since 
n their 
ase in 
ted in 
irfaces. 
ion of 
fifteen 


di-ester oils and greases which are coming into use for 
turbine engines, airframe and associated equipment. 
Di-ester oils are finding application in engines, instru- 
ments, guns and airframe equipment where the wider 
ranges of operating temperature afforded are of 
substantial importance. 
An extreme low-temperature synthetic grease of the 
di-ester type has recently been developed, with an 
Operating temperature range from - 75°C. to 120°C. 
for airframe and equipment lubrication under low 
torque conditions. For turbine engine controls, a 
synthetic grease has been developed with an operating 
temperature range of — 60°C. to 230°C. The trend is 


in only 
aterials 
sparent 


towards still higher temperatures, there being some 
expectation of demands for lubricants suitable for use 
_ at 300°C. and higher temperatures. 


E 


The subject of structural adhesives for metal aircraft 
has been reviewed recently by Dr. de Bruyne’” and 
he gives a very useful account of the position of devel- 
opment of sandwich structures with cores of aluminium 
honeycomb, fatigue strength of joints and panels, and 
so on. 

Modern aspects of plastics in relation to airframe 
structures, have been discussed by H. J. Pollard. 

Non-flammable hydraulic fluids are a particularly 
important requirement. A number are in the develop- 
ment and trial stages. Compatibility with rubbers of 
various kinds is an important matter here. 


7. Materials for Aircraft and Air-borne 
Vehicles of the Future 


The ranges of temperature of service for airframe 
materials of the future, present considerable problems 
in the materials field. Air temperatures may reach 
+ 45°C. near the ground and may be as low as - 90°C. 
in the stratosphere. Engines and other parts must be 
capable of being brought into action and must function 
properly from cold starts at about - 40°C. 

The materials in the structure must retain satisfac- 
tory properties and operating characteristics at - 75°C. 
for operation at altitudes of 30,000 ft. and higher. 
Lower temperatures, e.g. down to —90°C. may, how- 
ever, be encountered. 

According to Meteorological office data, tempera- 
tures at 40,000 ft. are to be expected as follows :— 


Over the Equator: 


- 70°C. to - 75°C. on 50 per cent. of days of the 
year. 

— 85°C. to - 90°C. on 10 days per year. 

— 95°C.—once in five years. 


Over the British Isles: 
— 70°C. on | per cent. of days in the year. 
-— 65° to 70°C. on 15 per cent. of days. 


The effects of kinetic heating, the extent of internal 
heating and the flow of heat within the aircraft, and of 
shielding within the structure will be to alleviate the 
severity of the cooling, the general position being 
determined by the prevailing conditions. Some recorded 
temperatures within the structure during flight may be 
of interest in this connection:— 
Ambient Air 


Time after take off Min. Structure 


min, Temperature Temperature 
18 — 394°C. — 134°C. 
30 — 59°C. —324°C. 
53 — 69°C. —45°C. 

83 —61°C. — 45°C. 


At the speeds for which new aircraft are being 
designed, the external surfaces are enveloped in a 
boundary layer of heated air. The temperature rise in 
degrees Celsuis is indicated by Relf’s expression :— 
{(Velocity in m.p.h.)/100}°, the result giving the rise of 
temperature above the ambient temperature of the air 
at the altitude concerned. Hibbard and McBrearty“'” 
give the impression AT = 75M? where AT is the rise in 
degrees Fahrenheit and M is the Mach number. Two 
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effects tend to lessen the unfavourable influence of very 
high speeds in air on materials in the structure. The 
first is the decrease in atmospheric temperature with 
increase in altitude and the second is the local cooling 
arising from local increases in velocity round the air- 
craft. In the case of a wing of an aircraft moving at 
Mach 1-3 at 20,000 ft., the ambient temperature would 
be about - 23°C. and a leading edge temperature of 
+62°C. could be expected, according to Dr. W. 
Hilton.” 

The designer may introduce special cooling systems, 
unless it can be shown that the difficulties can be over- 
come effectively by selection of appropriate materials 
and designing to suit them. On the materials side of 
the problem important considerations will be the effects 
of raised temperatures on elasticity, strength, and 
general mechanical properties of materials after 
exposure to short and lengthy periods at particular 
temperatures and after cooling again to normal tempera- 
ture also, protection against erosion and corrosion 
during and after exposure under the conditions of high 
speed flight in atmospheres and weathers of the types 
concerned. Structural aspects will be likely to be 
much concerned with distortion of aerodynamic form 
due to non-uniform heating, strength and stiffness as 
influenced by the heating effects and by the order of 
non-uniformity of heating. 

Teed“ has expressed the view that when air speeds 
become so high that the adiabatic input of heat is such 
that the surface temperature of the aircraft exceeds 
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Effect of temperature on Young's modulus of light 
alloys (all wrought except alloy 55). 


Ficure 1. 
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100°C., aluminium alloy will no longer be & suitable 
material. On structural characteristics, Heitnerl ang 
Hughes“ in studies of variations of compressive yield 
stress /density ratio, modulus/density ratio, column and 
plate efficiencies, with temperature, conclude that the 
present, very strong, aluminium alloys are attractive 
only up to 300°F. (~ 150°C.). Recent British work 
indicates that 1,000 hours at 140°C. would produce very 
serious loss of proof and ultimate tensile stress in D.T.D. 
363 but would entail only slight losses in L65 material, 
At least it is clear that in the absence of special schemes 
for keeping the airframe cool, other types of structural 
materials will be required. For temperatures up to / 
about 500°C. there is likely to be competition between | 
titanium-rich alloys, steels, and possibly heat-resisting 
alloys. Titanium-rich alloys are in an early stage | 
development and are showing progressive improvement 
in properties, but there is also development in steels and 
ferrous alloys which may bring them back again a; 
materials of primary airframe structure. For skin 
temperatures of 300°C. and upwards, there is likely to 
be scope for use of high temperature alloys such as 
Nimonic 80, Inconel X or G32B which have higher 
Young’s moduli than steels at temperatures above 
100°C. The significance of the elastic moduli and of 
their changes with temperature in relation to the) 
requirements of the designer for different parts of the 
structure appears likely to become a matter of major 
importance. Figs. | and 2. ; 

Protection of leading edges against erosion by rain, 
hail, sand and so on is a difficult problem. The answer 


33 
| | 
32 | GO H27 632 
c 0-43 0:35 037/027 
IMONIC 80 Mn |0:50061 054077 
| Si 028.014 082 
| Ni | 3:35 105 
=| = bee 
2 30 — 
— |= 
29 = 
a 
=] 
fe} 
= 
27 
26 
~--12%Cr TYPE 410 NEWHOUSE SEGUIN 
25! AND LAPE. A.S.ME. NOV.-DEC.I953 
Q@INCONEL X HEIMERT HUGHES NACA. 
NIMONIC 8O— MOND NICKEL BULLETIN. 
E1,G0,H27,632—HARRIS & WATKINS 
SYMPOSIUM ON HIGH TEMPERATURE MATERIALS |952. 
100° 200° 300° 400° §00¢ 


TEMPERATURE 


Ficure 2. Effect of temperature on Young’s modulus of steel: 
and high temperature alloys. 
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The Bending Fatigue Strength of Aluminium Alloy MGs Between 10 and 


10 Million Cycles ? 


A CHLOW BIA. 
(Mechanical Engineering Research Laboratory, Mechanics and Materials Division, Glasgow) 


HE work described was undertaken under a 

Ministry of Supply Contract to investigate the 
fatigue strength of certain materials where the expected 
endurance in use was less than the range of values 
usually examined in fatigue testing. 

The material was supplied in the form of a 6 ft. x 
3 ft. x 4 in. sheet of aluminium alloy MGS. 


1. TEST PIECES AND METHOD OF TEST 


Tensile test pieces having a parallel length one inch 
wide by 4} in. long were taken in both directions from 
two diagonally opposite corners of the sheet. Later, 
similar longitudinal test pieces were taken from areas 
near the other two corners. 

The plane bending fatigue test pieces were of the 
form shown in Fig. | and were all cut in the longitu- 
dinal direction. The waisted test portion was polished 
on the edges, the original sheet surface being retained 
on the faces. Steel plates were clamped to the ends of 
the test pieces by bolts passing through the holes in 
order to localise the strain in the test portion as much 
as possible. 

Tensile tests were made in a hydraulic universal 
testing machine of 10 tons capacity. An extensometer 
was used for determining strains on a 2 in. gauge 
length, up to a strain of about one per cent. Further 
tests were made using an autographic recorder to 
obtain load-extension curves up to a strain of about 5 
per cent. 

Plane bending fatigue tests were made in two 
machines. For maximum fibre strains of + 1 per cent. 
and below, the machine shown in Fig. 2 was used, while 
for strains greater than one per cent. the rig shown in 
Fig. 3 was used, operated by hand in a screw-driven 
testing machine. This rig was designed to give the same 
end conditions as the machine used for the lower strain 
tests. In both cases there was no tensile force on the 
test piece, the grip plates being free to move sideways 
while being given a pre-determined angular move- 
ment. The maximum fibre strain in the test piece was 
determined by means of a spherometer of one inch 
gauge length. 
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FicurE 1. Dimensions of fatigue test piece. 


Preliminary tests in the hand rig showed that while 
the spherometer readings remained substantially the 
same throughout the greater part of a test, once 
localised yielding or cracking of the test piece occurred, ? 
the angular movement required to give the same sphero- 
meter reading altered considerably. As, however, no 
change was possible in the angular movement of the 
machine during a test, the same conditions were 
observed with the hand rig. 

The speed of test of the machine was controllable 
between limits of 600 c.p.m. maximum, down to 200 
c.p.m. minimum. Slower speeds could have been 
obtained at very small strains, but not at the maximum | 
strain setting of the machine. 

The hand rig was operated at an average rate of 
about 34 c.p.m., depending on the strain required and 
the fatigue of the operators. 

Plane bending fatigue tests were also made to a 
given stress-cycle pattern. The object of these tests was 
to determine the allowable stresses to give a certain 
finite life for the test piece, when the ratio of stresses 
and the endurances at the various stress levels could 
be predicted. For these tests both the hand rig and the 
machine were used on each test piece, as the strains 
required were both above and below one per cent. 


2. RESULTS OF TESTS 
Tensile Tests 


The results of the tensile tests are given in Table |. 
MBBB | to 4 and 38 were used to determine stress- 
strain curves up to about one per cent. strain, and 


MBBB61-64 were used for curves up to about 5 per cent. ; 
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Ficure 2. Plane bending fatigue testing machine. 


strain. In the latter case the autographically recorded 
load-extension curves were not considered accurate for 
strains below the yield. A mean stress strain curve was 
therefore obtained, for longitudinal test pieces, using 


—J 
the curves for MBBI, 3 and 38 up to one per cent. 
strain, and those for MBBB61-64 for one per cent. to 
5 per cent. strain. This curve is shown in Fig. 5. A 
while | typical load-extension curve is shown in Fig. 4. 
ly the The vertical “step” appearing at 0-057 in. exten- 
once | Sion occurred in all four tests and was of about the 3. 
urred, ? Same magnitude of load, following a more or less 
hero. | horizontal portion of the curve as in the figure, but took Plane Bending Fatigue Tests at Two Stress Levels 
Fr, no place at different strains in the four tests. The four For a particular project the requirement was that 
of the | curves were therefore superimposed and the best mean the material should withstand 50 cycles at stress A, 
were curve estimated to give Fig. 5. It will be noted that 1,000 cycles at stress B, 50 cycles at stress C. In this 
this is a “ smoothed ” curve without the frequent minor particular case stress A = stress C, and stress B = 75 
‘able 5 Yields typical of aluminium alloys in the plastic range. per cent. of stress A. Reference to Fig. 6 shows that 
0 200 maximum fibre strains much above 2 per cent. need 
been Plane Bending Fatigue Tests at One Strain Setting not be considered, and a preliminary test had sug- 
imum The results of the fatigue tests are given in Table II gested that maximum fibre strain of one per cent. for 
and are shown graphically in Figs. 6 and 7. Fig. 6 stress level A was likely to be excessively low. 
ite of | gives the results plotted on a basis of maximum fibre Between these limits of strain the stress varies from 
d and | Strain and Fig. 7 on a basis of maximum fibre stress. 18-2 tons/in.* to 17-4 tons/in.*, the appropriate stress 
to a TABLE I 
this RESULTS OF TENSILE TESTS ON ALUMINIUM ALLOY MGS, 4 INCH SHEETS 
resses Test Mark MBBB 1 MBBB 2 MBBB 3 MBBB 4 MBBB38 MBBB6l MBBB62 MBBB63 MBBB 64 
could | Direction Longit. Trans. Longit. Trans. Longitudinal 
d the | Thickness (in.) 0-249 0-250 0-254 0-253 0-252 0-250 0-251 0-249 0-249 
ies 0-1 per cent. proof 
stress (tons /in.?) 16°5 16°85 15°6 16°65 — 
t. 0:2 per cent. proof 
Stress (tons /in.”) 16:2 17:1 16:3 17°3 — — 
Tensile strength 
(tons/in.?) 21°8 - 25:2 21°6 257 
Elongation on 2 in. 
ble 1. (per cent.) 184 244 174 17 — — — — — 
Reduction of area 
tress: | (per cent.) 25 26 21 24 ~ 224 264 25 22 
and | Modulus of elasti- 
9-65 x 10° 9-69 x 10° ~ 9-72 x 10° — — 


‘cent. _ city (Ib. /in.) 
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B varying from 13-6 to 13-05 tons/in.*, and strain B 
varying from 0-34 per cent. to 0-32 per cent. A con- 
stant value for strain B of 0°33 per cent. was therefore 
used in these tests. 

Test pieces were therefore subjected to 50 cycles 
of a given strain in the hand rig, transferred to the 
machine and given 1,000 cycles at +0-33 per cent. 
maximum fibre strain, returned to the rig and tested at 
the first strain range to failure. 

The results are given in Table III and shown plot- 
ted in Fig. 8, in the form number of cycles of strain C 
to failure. 


3. DISCUSSION OF RESULTS 


The maximum fibre stresses and strains quoted have 
all been calculated on the assumption that the tension 
and compression stress-strain curves of the material are 
the same. If the curves are not the same, a shift of the 
neutral axis of the test piece will take place as it is bent. 
It can be shown, however, that the bending moments 
required to produce a given curvature will be little 
affected by a difference of as much as 10 per cent. 
between the two curves. 

It is interesting to compare Figs. 6 and 7, that is, the 
fatigue curves plotted on bases of strain and stress 
respectively. While the strain curve is smooth all the 
way from 10 cycles to 10’ cycles, the stress curve shows 
a sharp change of form at the yield stress of the 
material, and at about 5,000 cycles. The stress values 
are calculated from the strain by reference to the mean 
static stress-strain curve (Fig. 5). It is appreciated that 
these values may not represent the true dynamic stresses 


0-05 0:06 0-07 
IN INCHES ON 2 INCHES 
Ficure 4. Load extension curve for MBBB64. 


0:03 


(vide Forrest P. G. and Tapsell H. J., Engineering, vol. 
173, June 1952). They are, however, figures which are 
readily available to the designer, and may therefore be 
considered to be of more immediate use than the 
equivalent dynamic stresses. 

Reference to Table II shows that there is no con- | 
sistent difference in the tests at various speeds, at strains 
below one per cent., and the fact that one curve may 


be drawn with confidence through points derived from 
tests in both the hand rig and the machine suggests that 
the speed of test has no effect up to 600 cycles / min. 
and for strains of about + 1 per cent. and less. It is 
possible that if tests could have been made at 600, 
c.p.m. at the higher strain settings, some difference 
might have been shown to exist. 

The results of the fatigue tests to a given stress and | 
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FiGure 5. Mean stress-strain curve. 
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TABLE Il 
RESULTS OF PLANE BENDING FATIGUE TESTS ON ALUMINIUM ALLOY MGS, } INCH SHEET 
Ss 
Maximum fibre querarese Machine (M Speed of test, 
— Test Mark strain maximum fibre No. of cles or Remarks 
per cent. ares to failure Hand Rig (R) machine only 
tons/in.? 
MBBB 46 + 5-08 19-7, 84 R 
40 +4:06 19-2. 14 R 
51 +3°34 18:7 30 R — 
27 +3-04 18:2 40 R 
50 +2°54 18-2 50 R 
24 18-2 108 R — 
: 45 +1-62 18-0 162 R 
47 17-7, 248 R 
| 52 +1-02 17-4 410 R — 
30 +1-02 17°4 578 M 600 
19 +1:00 17:4 511 M 600 
) 33 +0°81 17-2 896 M 400 
| 16 +0°80 17:2 1,385 M 600 
12 17:0 1,860 M 600 
31 +0°60 17:0 2,142 M 400 
14 +0°40 16:1 8,109 M 600 
29 +0°40 16:1 4,068 M 400 
13 +0°30 12:3, 13,100 M 600 
) 18 +0:30 12:3, 15,650 M 600 
7 35 +0:30 12:3, 16,070 M 400 
28 +0°30 12:3, 17,000 M 200 
15 +0°20 8:3 106,600 M 600 
21 +0°15 6:2 371,400 M 600 
23 +0°15 6:2 1,107,000 M 600 
» vol 22 +0°12 49. 11,121,600 M 600 Unbroken 
17 +0:10 41 10,354,500 M 600 Unbroken 
re be 
n the 26 220 
2 +18 
con- Ess 216 - 
> may | 3° 
from) § \ 
sthat 
Itis 
— Ficure 7. Results of fatigue tests (stress basis). 
ENOURANCE> CYCLES 
Ficure 6. Results of fatigue tests (strain basis). 
26 
RESULTS OF FATIGUE TESTS UNDER SPECIFIC LOADING SIMPLE CUMULATIVE 
CONDITIONS OF ALUMINIUM ALLOY MGS, } INCH SHEET 
2 
Strain C Equivalent ycles to 
— Test Mark stress C failure at i 20 . 
_| per cent. tons /in.* strain C 
MBBB 55 2-27 182 2 
54 2-03 18-2 114 3 
48 1:82 18:1 434 
56 1-73 181 52 “Ne 
58 1:73 18:1 56 
53 1-63 18-0 704 
” 1-54 18-0 a7 Ficure 8. Cycles to failure at strain C. 
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TABLE IV 


CUMULATIVE DAMAGE THEORY FACTORS 
FOR TEST PIECES TESTED AT TWO STRAIN LEVELS 


All test pieces subjected to 10,000 cycles 
at +0°33 per cent. strain. 


Strain A and C  @ 
per cent. 
0-75 

2:03 0-71 

1-82 0°82 

1-73 0:85 

1°63 0-89 

1-54 1:49 


cycle pattern gave consistent results, as may be seen 
from Fig. 8, the plot of the residual lives at strain C. 
It is of interest to compare these results on the basis 
of the “ Cumulative Damage Theory.” This postulates 
that if a specimen has run n, cycles at a stress at which 
its total life to failure would be N,, it has used up the 
fraction n,/N, of its expectation of life. Similarly, 


further stressing at another stress for n, cycles will use 
up a further n./N. of its total life. Ultimately, the 
specimen will break when X(n/N)=1. An analysis of 
the lives in this case gives the results shown in 
Table IV. 

From this it is evident that neither the simple 
cumulative damage theory holds in this case, nor a 
form modified by a constant factor. The factor varies 
with the strain level. The decrease from 0-75 at 2:27 
per cent. strain to 0°71 at 2°03 per cent. and the sub. 
sequent increase again appears at first sight to be incon. 4 
sistent, but reference to Fig. 8 will show the meaning, 
The experimental points plot linearly while the 
theoretical line is a curve. Extrapolation suggests that 
at a strain of about 2°65 per cent. the factor would 
have risen to one. 

Tests on similar lines are in hand on other materials, , 
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The Stability of an Axially-Loaded Continuous Beam 


by 


A. M. DOBSON, B.A.(Oxon.) 
(Stress Office, Vickers-Armstrongs, Weybridge) 


HE CLASSICAL method of solution of the 

stability of an axially-loaded continuous beam is by 
means of the three moments equation, using the Berry 
Functions, which are functions of the axial load. As 
the axial load approaches a value equal to the critical 
value for a pin-jointed beam, the Berry Functions tend 
to infinity, and the use of the three moments equations 
—(i.e. treating the end fixing moments as_ the 
independent variables)—leads to certain difficulties in 
the complete solution of the problem. 

The major difficulty lies in the question of stability. 
The critical value is determined by the vanishing of the 
determinant of the coefficients of the fixing moments in 
the three moments equations. This value could be 
found by plotting the determinant against end load (c.f. 
Pippard and Pritchard). However, in a problem involv- 
ing a large number of bays, the calculation necessary 
to do this is likely to be considerable, for there may be 
many branches to the curve. 

Some difficulty arises also in calculating bending 
moments; since the three moments solution involves 
terms with a denominator cos u, there can be difficulty 
when working with a value of u close to 7/2. 

The alternative solution here presented has as its 
object the elimination from the problem of the dis- 
continuities arising from the values of the Berry 
Functions at u=7/2—a value which has no special 
significance in the general problem. 
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NOTATION | 
For a typical bay of length /, } 
Pend load 
w transverse load/unit run | 
EI 
2 
M,. My end fixing moments ) at left-hand and right- 
z, 8 end slopes hand ends respectively. 


The functions used by Timoshenko, in place of the 
Berry Functions, are: — 


u) 
New functions X, Y, Z are defined: — | 
Z(u)= [ =vau]. 


A suffix notation is used when reference is made to 


a particular bay. 


as 


| 
SES, 
2 
| 
AX 
| 
— 
| 
| 


simple 
nor a 
varies 
t 2:27 
sub- 
incon- 
aning, 
> the 
that 
would 


erials, 


f the | 


id the 
Note. 


xht- 
vely. 


f the 


de to 


| 


TECHNICAL NOTES—A. M. DOBSON 


507 


w/UNIT RUN 
Ficure |. 


ANALYSIS 
For a typical bay of length /, taking the left-hand end 
as origin, the differential equation obtained is: 


utting 
Mr-M, wxl 
wx? w 
which with the boundary conditions 
y()=0=y() 
y (0)=2 


yields 
(1) 


where u=pl/2. 

At this stage the classical solution is obtained from 
(1) by putting z,_,=, and using (= 
and so on, to obtain a relation between the M. This is 
the three moments equation. 

Instead, solving for and 


2E 
{x (WB) — Zw) 
{Y (u)2+X (u) B} (2) 
Using and putting equations 


(2) then yield the corresponding “ three z” equation: 


The difficulties referred to earlier now no longer exist 
for the z equations have finite coefficients in the range 
0<u <x, and it is clear that the value u==/2 now has 
no special significance in the general problem. 

The z having been found, the fixing moments follow 
immediately from the first of equations (2) which may 


be written 


all the coefficients of which will already have been 


tabulated for use in the “three 2’ * equations. 


The following results and observations are of 
interest : — 


(i) The effect of altering the transverse load, or of 
considering the supports to have small deflections, is to 
alter the constant term in (3), but does not affect the 
critical value of the axial load. 


(ii) The bending moment at the mid-point of a bay 
is given by: 


sin u 4u? sinu l 
where z, £ are the algebraic values of the slopes at the 
left- and right-hand ends of the bay respectively. 
Note—The value =/2 presents no difficulty in this 
expression. 


(iii) Stability 

The condition for stability would appear to need 
investigation in each individual case. The investigation 
for any particular case is now, however, relatively 
simple. The test for stability is given in Appendix I, 
and it is readily seen that it requires no separate com- 
putation if the solution of the z equations is suitably 
arranged. 

Some idea of the way in which the u of the various 
bays may exceed =/2, and the extent to, and conditions 
under which, they may do so without exceeding the 
lowest buckling value, can be gained from the follow- 
ing particular cases: 

Two-bay and three-bay problems with E/// constant, 
but with different end loads in each bay— 


(a) Fixed at each end. 
(b) Fixed at one end, pinned at the other. 
(c) Pinned at each end. 


For the two-bay problem the relations between u, 
and u, are shown in Fig. 2. 


For the corresponding three-bay problem the follow- 
ing results are obtained: 


(a) Fixed at each end: 
(i) If u,=7/2, u, and u, lie on curve (a) 
(ii) If u,~2-24, u, and u, lie on (b) 
(b) Fixed at one end, pinned at the other (bay 1 
containing the fixed end): 
(i) If u,=7/2, u, and u, lie on (bd) 
(ii) If u, ~ 2-24, u. and u, lie on (c) 
(c) Pinned at each end: 
@® Wa= 


For the general case, it is easily shown that, for any 
values of El/I, even if u,=u,=...... =u,=%/2, there 
is stability with one end fixed, and that if both ends are 
pinned, then this yields the critical value of the axial 
load. Further, it is seen that =/2 is only a significant 
value in this case if all the u are equal to =/2. 


=/2, u, and u, lie on (c). 
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FiGure 2. The curve 2-0 
in each case indicates 

the boundary between U, |} 
stable unstable 
values, the fixed end 
in (6) being of bay 1. 


STABLE 


This suggests that the general case follows a similar 
pattern to that encountered in the particular cases 
discussed above (see Appendix II). 


SUMMARY 

The solution which has been presented as an alter- 
native to the three moments equations demonstrates that 
the eigenvalue for a pin-jointed strut is of no special 
significance in the general problem, and the discon- 
tinuities previously arising from the use of the Berry 
Functions have been seen to be eliminated from the 
calculations. 

In particular, the stability, which is of prime 
importance in the problem, is shown to be very simple 
to handle; if the method of Appendix I is used, 
instability is detected by a change of sign in the main 
calculation. The net saving in computation makes this 
profitable. 


APPENDIX 


I. THE STABILITY TEST 
The z discriminant will be of the form 


D=\a, a, 0 O 
| +, 6,0 
0 d, 
where a,= 6b, 
Cc, and so on. 


If it is evaluated by successive reduction in order: 
D=k,| 8, 6, 0. 


| 0 d, 
| 
where k,=a, 
B,=b,—- by 
continuing the process yields D= k,, ks 


If now all the k are positive, the critical value has 
not been reached. Note that stability is determined 
not by the sign of D but by the signs of the k, for, if 
two of the k are negative, D will be positive although 
in this case two eigenvalues have been passed. 


—= 


It is easily seen that the foregoing process is contained 
in the solution of the « equations by successive elimina- 
tion of «,, z,, and so on, in order. If this method of 
solution is used therefore, instability will be detected 
by a change of sign corresponding to a negative k as 
above. 

The advantage of the a-discriminant for determin. 
ing the stability, when some w are greater than =/2, is 
clear, for the discriminant is determinate throughout the 
range Ou <r, and the first change of sign is easily 
found if required. 


II. FURTHER DISCUSSION OF THE GENERAL CASE 

The particular two- and three-bay problems dis- 
cussed have shown that stability is possible outside the 
region in which all u<7/2, the extent of the region 
being determined by the end conditions. 

Similar regions exist in the general case. That this 
must be so can be seen from considering two particular 
cases of the general problem, those in which all the y 
are set at ~/2—for, with one end fixed, the problem is 
stable, and, with both ends pinned, as one would expect, 
the axial load has its first critical value. The character 
of the general problem may then be deduced. 


Examples 
(i) One end fixed, one end pinned: 
If x, 
2EI 2EI 
then 
=| (k.+k,) k, 0 
k, (ky 
. (ki + k, 
k, 
Consider 
D'= k, k, 0 
k, +k.) ks 
0 k, 
(kn +Kn-,) k, 
Then D’=0 and D, which is greater than D’, is there- | 


fore positive; considering the expansion of D’ by suc- | 
cessive reduction in order, it is clear that the system 1s | 


stable for any values of k. 


(ii) Both ends pinned: 


(kn t+ 
k, 
which is zero clearly yields the first au 
value. 


=u,=7/2 then corresponding to {| 
the foregoing: 
D= k, 0 | 
| 
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APPENDIX III 


Tables of values of X, Y and Z functions. 


u is quoted in radians. X, Y, Z are given at intervals of u which should yield good accuracy with linear interpolation, particularly 
in the range u=1-0 to 2:0. 


u | XW Yw ZW || XW Zw | u X(u) 

2:0 1-0 1:0 | 1:30 1:5026 1-1417 1-1345 E72 1:0460 1-3046 12762 
0:25 1:9834 1:0043 1:0041 1-31 1-4941 1-1445 1-1370 Es 1:0322 1-3101 1-2808 
0°50 1-9323 1:0172 1:0171 1-4855 1-1473 1:1395 1-74 1-0183 1-3156 1:2854 
0°55 1-9179 1:0209 10208 | 1-33 1:4767 1-1501 1-1421 1:0042 1-3212 1:2901 
0°60 1:9021 1:0251 1:0249 1:34 1-4678 1°1529 1:1447 1-76 0-9899 1-3269 1:2949 
0°65 1-8847 1:0297 1:0294 1:4589 1-1558 1:1473 1:77 09754 1-3327 1-2997 
0°70 1:8658 1:0348 1:0343 1-36 1-4499 1-1588 1-1500 1-78 09607 13386 1-3046 
0:75 1:8453 1-0403 1:0396 1:37 1:4407 1:1619 1:79 0:9459 1-3447 1-3096 
0:80 18233 1:0463 1:0454 | 1:38 1-4315 1-1650 11554 | 1:80 0-9309 1-3509 1-3147 
0°85 1:7995 1:0529 10517 1:39 1-4222 1:1681 1:1582 || 1°81 0-9157 1:3572 1-3199 
0:90 1:7741 1:0600 10585 1 40 1:4127 1-1713 11610 1-82 0-9003 1-3635 1-3252 
0:95 1-7470 1:0676 1:0659 || 1-41 1-4032 1:1745 1:1638 1-83 0°8847 1-3700 1-3305 
1:00 1:7181 1:0760 1:0737 | 1-42 1:3936 1-1667 \| 1°84 0:8689 1:3766 1-3359 
1-01 1:7120 1:0777 1:0754 1-43 1-3837 1:1810 1:1697 | 1°85 0°8530 1-3834 1:3414 
1-02 17059 «11-0794 1-44 13738 1184411727 86 08368 13470 
1-03 1-6997 1-0811 1-0788 1:45 1:3638 1:1878 1-1757 1-87 0°8204 1-3972 1-3527 
1:04 1:6935 1:0830 10805 1-46 1:3538 1/1914 1:1787 | 1-88 0:8038 1:4044 1°3585 
1-05 1-6872 1-0849 1-0822 1-47 1:3436 1:1949 11818 1-89 0-7870 1-4117 1-3644 
1-06 16809 11-0869 4B’ 11985-11850 | 1-90 11-3704 
1:07 16744 1-0888 1:0857 1-49 1-3227 1:2021 11882 1-91 0-7528 1°4266 1:3765 
1:08 1:6679 1:0907 10875 | 1°50 1:3121 1:2057 1-1915 0°7352 1°4343 1-3827 
1-09 1:6613 1:0927 1:0893 | 1-51 1:3014 1:2095 1:1948 1:93 0°7175 1:4422 1-3890 
1:10 1:6546 1:0947 1:0912 1:52 1:2906 12133 1:1981 1:94 06996 1-4502 1-3954 
1-6478 1-0967 10931 1-53 1:2797 1:2172 12015 1:95 1:4584 1-4020 
1:13 1:6340 1:1009 1:0969 1:55 1:2574 1:2252 1:2084 1:97 0:6442 1-4753 1°4155 
1:14 | 1°6269 1-1030 1:0989 1°56 1:2461 1:2293 12119 1:98 0-6252 1-4840 1-4224 
16198 1-1052 1:1009 1°57 12346 1:2334 12155 1:99 0-6060 1-4929 1-4294 
1-16 16126 11074 12230 12376 1-2192 ||__ 20 05865 
1:17 1-6053 1-1096 1:1050 ES? 1-2113 1:2419 }-2229 2:02 0°5467 1:5205 1-4512 
1:18 1:5980 11118 1:1071 1-60 1:1995 1-2463 1:2266 2°04 0-5058 1-5400 1:4664 
1:19 1-5905 1:1141 1:1092 1-61 1:1875 1-2507 1:2304 2:06 0°4636 1-5603 1-4823 
1:20 |} 1°5829 1-1164 1:1114 1:62 1:1754 I-2552 1:2343 || 2:08 0-4202 1-5815 1:4987 
1:21 5753 1-1187 1:1136 1°63 1:1631 1:2597 1-2382 2°10 0-3755 1-6037 1:5158 
1:22 1-5675 1-1158 1-64 1:1507 1:2644 1:2422 22 0°3293 1-6269 1°5336 
1-23 1°5598 1:1236 1-1180 1°65 1:1381 1:2691 1:2462 2°14 0:2818 16511 1-5521 
1:24 1:5520 1:1261 1-1202 1-66 1-1254 1-2739 1:2503 2°16 0°2327 1:6765 1-5713 
1:2 1:5440 1/1286 1:67 1:1126 1-2788 1:2545 2°18 0°1820 1-7031 1:5914 
1:26 1-5359 E1312 11248 | 1-68 1:0996 1:2838 1:2587 || 2°20 0-1296 1-7310 1:6124 
S277 1:1338 || 1:69 1:0864 1-2889 1:2630 | 0:0754 1-7603 1-6343 
1:28 15194 1:1364 1/1296 1:70 1:0731 1:2940 1-2673 | 2:24 0-0192 1-7910 1:6572 
1:29 1-S111 1°1391 1-1320 1:0597 1-2993 1:2717 || 2°26 —0-0389 1°8234 1-6812 
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Use of Hybrid Functions in 


the Method of Collocation 


BERTRAM KLEIN 
(Los Angeles, California) 


S pointed out in previous work''’, in the method of 
collocation the functions used usually need not 

be orthogonal or integrable in closed form. Therefore 
functions of different types may be mixed together in 
representing unknown quantities. Such functions may 
be aptly called hybrid functions. Also, it has been 
found that usually it is better to represent unknown 
quantities by similarly looking functions instead of by 
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a series involving higher harmonics. The idea is that 
by using similiar looking functions it is possible to avoid 
poor regions for collocation, such as near nodal points, 
and so on, and closer fit in certain regions is assured. 
Thus if one knows approximately what the function 
sought looks like, one should try to find a set of 
functions all of which resemble this desired shape, 
instead of taking an arbitrary set of harmonics when 
using the method of collocation. Simple examples 
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below illustrate this approach and indicate the good 


results that can be expected in general. 
Consider first the problem of a uniformly laterally 


loaded pin-ended beam of length LZ and with constant 


EI. The deflected shape looks like each of the follow- 
ing functions: 

F, (x)=cos z7x/L 

(x)= (sech 1:762.x/L—sech0°881) ¢ . (1) 

—e-4) 
each of which satisfies the boundary conditions, where 
x is measured from the centre of the beam. Therefore 
form the hybrid function 

y=2,F,+2,F,+2,F, (2) 
to represent the actual deflected shape of the beam 
defined by the differential equation 
d‘y 


=> El (3) 
The fourth derivatives of the chosen functions are: 
= 
i) cos 
= ) +24) f=sech 
= (3-24 ) +16(# e 
In this problem, points chosen for collocation are: 
L 
x=0, and (5) 


The three simultaneous linear equations obtained by 
evaluating the derivatives of equations (4) substituted 
into equation (3) are: 


_ wlt 

FI 
0-866 ='z, + 26-27 2, +35-45 2, = 

0-707 + 7-96 2, +22-05 2, = 

The solution of equations (6) is: 

2,=0-0088 0.0440 WE 
. 


Evaluation of v at x= “0 gives for the maximum deflec- 
tion of the beam, 
Vmax = [00277 ~ (0-0440) (0-393) + 

+ (0-008) (0-293)] —0-0130 


the exact solution listed in various texts ail handbooks. 

Since the straightforward solution of equation (3) is 
trivial, the use of the hybrid function defined by 
equation (2) is of much greater advantage in beam 
problems where E/ is non-uniform and/or variable axial 
load is present, provided centre line symmetry exists. 

As a second example of the use of hybrid functions 
in the method of collocation, consider the torsion of a 
rod of square cross section. The differential equation 
defining the problem is the Poisson equation: 


V?9=-2G0 . (8) 
where ¢ is the stress function which ttle on the 
boundary. 

Represent the stress function by 
TX Ty 
where 2a is a side of the square and the origin of the 
rectangular co-ordinates is taken at the centre of the 
cross section. The shapes of the functions in equation 
(9) closely resemble each other. 


o= (x? — a®) (vy? — a*) + 2, cos 


The values of the partial derivatives appearing in 


Poisson’s equation are: 


0? 
y-a)- (2 a, cos | 
dy? a’ | 
The two points chosen for collocation are: 
x=y=la 
x=y=0 (11) 


The two simultaneous linear equations obtained by 
satisfying the differential equation, equation (8), for the 
assumed function, equation (9), at these two points are: 


32, 
2a" 8a? 
(12) 
The solution is: 
4a’ 
z,=a°G8, 2,= — ——G9. (13) 


The torque acting on the structure is given by the 
integral’: 


M,=2 | Je 


—a 


(14) 


which reduces to: 


(5 - 5) (15) 
for the value of # obtained above. The correct solution 
is*): 0°1406G 6(2a)', making the present solution in 
error by 0°36 per cent. The maximum shear stress is 
calculated by taking at x=—0, y=a and is: 

(2-2) Goa-1-364G6a (16) 
as compared to the correct answer of 1:351G8a, 
making the present solution in error by 0:97 per cent. 
When functions involving only powers of x and y are 
used *) to represent #, much larger errors result. Also 
it is interesting to note that use of an energy method in 
which two terms are taken in representing @ results in 
an error of about 4 per cent. for the maximum stress”. 
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ROYAL AIR FORCE MEDICAL SERVICES, VOL. 1: 
ADMINISTRATION. Edited by Squadron Leader S. C. 
Rexford-Welch. Her Majesty's Stationery Office, London, 1954. 
611 pp. Illustrated. 70s. 


This is the first of three volumes dealing with the part 
played by the Medical, Nursing and Dental Services of the 
Royal Air Force in the Second World War. It recounts 
administration problems and also gives a historical review 
of the formation and development of these Services before 
and during the First World War, as this had never been 
officially recorded previously. The editor, Squadron Leader 
Rexford-Welch, is to be congratulated on the accuracy 
and meticulous care displayed in this compilation of facts 
and figures, also for the very readable way in which they 
have been presented and reviewed. Although this volume 
will be of greatest interest to those who have served in the 
R.A-F., it should be read and studied by both medical and 
executive officers of all the Services, as much valuable 
information and many lessons for future guidance are 
contained therein. Certain sections, particularly those 
dealing with the evacuation of casualties by air, air-sea 
rescue operations and rehabilitation after injury or sickness 
are of general interest to all engaged in aviation. 

The early chapters deal with manning problems and 
the development of the Medical, Nursing and Dental 
branches. Two pioneer accomplishments of the Dental 
Branch are of particular interest: (i) the establishment and 
training of dental hygienists, for the first time in this 
country, to scale and polish teeth under the supervision of 
a dentist and to demonstrate how to maintain oral hygiene; 
and (ii) the use of acrylic resin for dentures and, as a 
strange side-line for dentistry, to make false eyes and 
artificial fingers, noses, and so on. A chapter is devoted 
to R.A.F. hospitals in general and includes a description 
of the part played by Wroughton Hospital, near Swindon, 
as the * Clapham Junction” for the disposal of all casual- 
ties arriving in Great Britain by air from the Continent 
during the liberation of Europe; it also describes the value 
of the Mobile Field Hospitals which operated as focal 
points for groups of forward units in the field and did 
much to foster morale. 

Included among the special Services are the Plastic 
Surgery and Burns Centres established under the enthu- 
siastic guidance of Mr. Archibald MclIndoe to deal with 
the aviator’s burn; and the various Rehabilitation Centres 
first developed in R.A.F. Hospitals by Mr. R. Watson 
Jones in 1940 to deal with orthopaedic cases and rapidly 
extended to encompass all types of medical and surgical 
cases. This was a new approach to the problem of 
rehabilitation, which stressed the importance of activity 
and virtually started on the day the patient entered hospital 
—some 30,000 R.A.F. personnel were so rehabilitated 
during the war, the majority returning to full duty. 

The evacuation of casualties by air is reviewed from 
small impromptu beginnings in 1939 to a vast and efficient 
organisation in the latter years of the War. Thus, close 
on half a million cases were transported in all theatres of 
war by the R.A.F., this number including some 200,000 in 
Burma where air lift was the only way out, and over 77,000 
from Western Europe to England in 1944 alone. Many 
casualties arrived in a home hospital within a few hours 
of being wounded in the front line. The maximum number 


of casualties evacuated by air in any one day was 934 from 
Normandy to England on I 1th August 1944. An effort of 
which the R.A.F. can be justly proud.—H. E. WHITTINGHAM. 


ENGINEERING CYBERNETICS. H. S. Tsien. McGraw- 
Hill, New York, 1954. 289 pp. Diagrams. 46s. 6d. 


This is a scholarly treatise on the science of automatic 
control as distinct from its practical techniques. “ No 
gadget is mentioned,” says the author in his preface, and 
this sets the key for the book—theoretical treatment 
throughout, mathematically satisfying, rigorous where 
rigour is called for, but not to the point of obscuring the 
thread of the argument to the reader who is not a mathe- 
matical specialist. 


The book goes a good deal further than the usual works 
on servo-mechanisms; some of its contents are in fact 
presented here in book form for the first time. 

All the standard elements of servo-mechanism theory— 
the Laplace transform, transfer function, frequency 
response, Nyquist criterion, Bode diagram, root locus 
method, and the like—are given concisely, with careful 
attention to the fundamental mathematics, and not too 
much space spent on detail ramifications. Footnote refer- 
ences for further reading are provided throughout the book. 


There follows a chapter on non-interacting controls of 
many-variable systems, with applications to a_turbo- 
propeller engine and to a turbo-jet engine with after- 
burning. The consistent use of matrix algebra would have 
been an improvement here, avoiding the rather cumber- 
some double summations. 


The theory of sampling servo-mechanisms is treated by 
the Stibitz-Shannon method, using the discrete analogue of 
the Laplace transformation. This has the advantage of 
producing results which are formally similar to those for 
continuous servo-mechanisms and enables the stability to 
be tested by an appropriate adaptation of the Nyquist 
criterion. 

Phase-plane methods are introduced in the chapter on 
relay servo-mechanisms, and the problem of optimum 
switching is discussed. 

The main characteristics of non-linear systems are 
described in a short chapter, and the theory of linearising 
such systems by adding to the input a sinusoidal signal of 
high frequency and large amplitude is described in some 
detail. 

A group of three chapters deals with control design: 
in the first, perturbation theory is applied to the automatic 
guidance of a rocket, the second deals with the design of 
a control system satisfying specified criteria, and the third 
describes control systems which automatically seek and 
hold optimum operating conditions. 

A chapter is included on the intriguing subject of 
ultrastability, a property which enables a system to exhibit 
apparently teleological or goal-seeking behaviour. 

The production of the book is in accordance with 
the usual McGraw-Hill standard, but there is evidence 
of careless proof-reading. Most of the misprints are 
trivial, however, and the impression produced is of a 
lucid and well-written exposition of fundamental theory.— 
S. J. GARVEY. 
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MEN IN SPACE. Herman Oberth. Econ-Verlag, Diisseldorf. to their superiority in many respects in this fieid ang 
253 pp. Illustrated. DM.14.80. because there is a growing manufacturing output of clasgj- ql 
Although the following quotation (page 123) refers to fied types. In fact Chapter 2 gives comprehensive data, sy 
Oberth’s plans and ideas for a space station they offer, I covering 45 pages, of a total of 23 different junction | im 
think, the key to the whole book. transistors marketed by six different American companies, ar 
* Finally a word about the seriousness of these ideas. Numerical data and graphs for any one type are arranged | io 
Every time after a lecture a voice is raised ‘I bet he doesn’t to be on one page or on facing pages. Of special import. ¢ pa 
believe all that himself.’ Sometimes it is Aunt Anne who ance to practical designers are the curves showing the } to 
having left her kitchen hopes to be well entertained with variation of specification parameters with working point, fw 
space travel, sometimes it is even the well known expert temperature and statistically between units of the same } dj 
who hasn’t had the time to look into these things. type. Regarded as a linear four-terminal network jt | th 
“Why this remarkable view? Space travel is a technical requires four constants or parameters to relate input § m 
undertaking as worthy as any other. It follows on air voltage and current with output voltage and current. The | be 
travel so logically that you have to be malicious not to see parameters chosen in this book and which are finding ? in 
and admit it, and the problems are not so great that one aneepence are : —the ome admittance, the Input to out- | pe 
could not solve them. put voltage ratio (both for open circuited input), the input | m 
eet impedance and the output to input current ratio (both for se 
shorted output circuit). 
After a few pages on how to prepare men for space the : a ca 
author introduces rather nicely in the second chapter the Chapter 3 deals with the basic single stage circuitry | nc 
conservation of momentum and gives his proposal for a and design formulae for the grounded base, grounded | a 
three stage satellite rocket. In the third chapter he deals emitter and grounded collector configurations. It concludes ) la 
with the space suit in considerable detail, even allowing the with details of the bias stabilisation method of _Minimising ha 
space man to wipe his nose. Chapter 4, space station, is the effects of the variations due to working point, temper- fin 
not so detailed. He concentrates more on showing what ature and variability of the transistor itself. 
could be done with such a station. A sparkling fight The next chapter deals adequately with the design of | ve 
follows for the author’s favourite child, the space mirror. transformers and R-C couplings. This is followed by a } m 
After a sketchy account of electric space ships (Chapter 6) chapter on preamplifiers dealing with aspects of noise, | pr 
he designs the moon car (Chapter 7) apparently his second impedance matching and frequency response; and includes sp 
best favourite. It stands on one long leg, can travel on the details of volume control circuitry, tone control and bass | m¢ 
surface, and jump. Finally the reader is taken out further compensation. co 
into space and time, and he learns why future generations Other topics in further chapters are overall class A } 4" 
will probably be better morally and thereby qualify to live and class B amplifiers with a final chapter on actual [| ™ 
in space in dwelling wheels. examples using transistors of the G.E. Company with of 
The author does not bore the reader with mathematics, which the author is associated. This includes amplifiers ad 
nor with much technical detail; he speaks with authority for hearing aids, gramophone and microphone and lastly } 4U 
but in a more persuasive than preaching tone. The book details of an 18-watt audio output high power amplifier. Th 
makes easy reading; it is stimulating and _ thought- The book has an adequate bibliography and index. It is ) th 
provoking, especially when the author’s character—in a pleasing to see a few British references mentioned. ™ 
humorous or sincere remark—shines through the lines. Although the transistors listed are not in general avail- * 
Still, I think Aunt Anne would soon return to her able in this country, the design principles are given and are * 
kitchen. This book is no light entertainment, no science adaptable to British products and _ British notation. 
fiction, and the expert, too, might soon shut it up, buy a Fundamentally the book is sound and will be welcomed | * 
ticket and go to see the author. To whom then (besides by all amplifier designers. It will appeal especially to th 
science fiction authors who should be forced to read it) do those already well versed in the use of thermionic valve bo 
I recommend the book? To all who agree with circuits.—J. C. WEST. 
Prof. Oberth’s aim (p. 201):— 
“To conquer for life every place where life can exist PHYSICAL MEASUREMENTS IN GAS DYNAMICS AND 
and thrive, to enliven every inanimate world, to give life COMBUSTION. Edited by R. W. Ladenburg, B. Lewis, R. N. 
significance on every inhabited world.”—H. TREUTLER. Pease and H. S. Taylor. Oxford University Press, 1955. 578 
pp. Illustrated. 84s, 
TRANSISTOR AUDIO AMPLIFIERS. R. F. Shea. John This book is Volume IX in a twelve-volume series on 
Wiley, New York; Chapman & Hall, London, 1955. 219 pp. high-speed aerodynamics and jet propulsion, the series 
Illustrated. 52s. being published by Princeton University Press, in con- 
This is a designer’s handbook to enable various types junction with the Oxford University Press. Ee 
of amplifiers with different requirements to be built up The present volume is organised into the following 
around transistors. The frequency-band width is speci- sections :—A, density measurements; B, pressure measure- B 
fically limited to the audio range, nominally 50 c.p.s. to ments; C, velocity measurements; D, temperature measure- } 
20 ke.p.s. The design of very low frequency and direct- ments; E, shock front measurements; F, turbulence B 
coupled amplifiers useful in servo-mechanism instrument- measurements; G, condensation study; H, analogue 
ation is excluded save for a brief mention of the existence methods; I, measurement of flame temperature, pressure ¢ 
of p-n-p, n-p-n direct cascading. and velocity; J, flame photography; K, measurement of 
The book does not aim at, and wisely spends little time burning velocity; L, mass spectroscopy; M, spectroscopy of : 
in, teaching the theory and physics of the transistor itself. combustion; N, analysis of the combustion wave by | 4 
The introductory chapter goes straight into a description pressure effects and spectroscopy. ' 
of the outside of the transistor and the terminal character- It is very useful to have, in a single volume, discussions D 


istics. Only junction-type transistors are considered, owing 


of the physical phenomena that can be used to obtain 
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quantitative measurements of the properties of flowing 
systems, both at subsonic and supersonic velocities. But 
many of the methods described in Part I (A-H) are new, 
and some do not appear to be sufficiently developed as yet 
to be used as experimental tools. Too much attention is 
paid to these relatively undeveloped methods and too little 
to the more familiar methods that are normally used, and 
will continue to be used, by the experimental aero- 
dynamicist. The research worker would, in the opinion of 
the reviewer, rather have a more detailed discussion of the 
methods that he is more likely to use, with special attention 
\ being paid to the range of application, the possible errors 
? incurred, the ease of use, the reproducibility of results, and, 
perhaps, a rough economic comparison between different 
methods of measurement. The latter is nowhere to be 
seen, while discussions on the former points are in some 
cases excellent, in others brief and vague, and in others 
non-existent. In some instances more diagrams would be 
a distinct advantage. Clear and firm editorial direction is 
lacking, the contributors, who are undoubtedly experts, 
having isolated their articles rather than attempted to 
integrate them into a whole. 

In Part II the discussion of the measurement of burning 
velocity, although written several years ago, is critical and 
more in keeping with the overall aim. An unduly large 

proportion of the remainder of this section is devoted to 
spectroscopy. But no mention is made, for example, of 
methods of measuring the burning rate, the ignition of 
combustible mixtures, the characteristics of a fuel spray, 
and other properties that are, perhaps, more physical in 
nature than some of those that are discussed. The science 
of combustion, including measurement techniques, has 
advanced considerably over the past few years and conse- 
quently many of the discussions are, even now, out of date. 
This is the fault of the slowness of book publication, rather 
) than of the contributors, but the editors should have appre- 
ciated this and directed accordingly. It is, nevertheless, 
desirable to be brought up to a certain date than to none 
at all. 

This volume is certainly valuable to the experimental 
aerodynamicist, but is disappointingly short of the standard 
_ that might have been achieved by the eminent editorial 
board.—B. S. TALL. 


“The Aeroplane.” THE “ AEROPLANE” Directory 1955, 
Temple Press. 1955. 

) American Mathematical Society and Office of Ordnance 

Research. TRANSACTIONS OF THE SYMPOSIUM ON COoM- 

PUTING, MECHANICS, STATISTICS AND PARTIAL DIFFER- 

ENTIAL EQUATIONS. Interscience. 1955. 

*AS.M.LE. TRANSACTIONS, VOLUME 76. A.S.M.E. 1955. 

_ Aviation Division A.S.M.E. SyMPosiUM ON THE THERMAL 
BarrRiER. A.S.M.E. 1954. 

Besicovitch, A. S. ALMosT PERIODIC FUNCTIONS. Dover. 

(1917). 

Bochner, S. HARMONIC ANAYLSIS AND THE THEORY OF 
ProsaBiLity. California U.P. 1955. 

Ciolkosz, Z. M. and W. M. Stepniewski. THE CASE FOR 
THE TANDEM HELICOPTER. Reprint. 1954. 

Comstock, G. F. TITANIUM IN IRON AND STEEL. Chapman 
& Hall. 1955. 


*Cope, S. T. GLossaRy OF ABBREVIATIONS. Marconi’s 
W.T.Co. 1955. 
Daniel and Florence Guggenheim Aviation Safety Center. 


SURVEY OF RESEARCH PROJECTS IN THE FIELD OF 


THE ROLE OF PETROLEUM IN MODERN TRANSPORT. 
Edited by George Sell. Published by the Institute of Petroleum. 
1955. 184 pp. Illustrated. 30s. 

Those who were present at the 1954 Summer Meeting 
of the Institute of Petroleum will already appreciate the 
value of this book, in which Mr. George Sell, the Insti- 
tute’s editor, has collected in one volume the various 
papers presented at the Meeting, together with the dis- 
cussion which followed each paper. 

The book combines a survey of the present state of fuel 
and lubricant technology with a discussion of current 
problems in all fields of transport, land, sea and air. An 
interesting general review of the relationship between the 
oil and transport industries provides an introduction, and 
an inspired prophecy of future trends proves a fitting con- 
clusion. The nine individual papers are all written by 
experts in the particular field dealt with, and the only 
criticism that can be levelled at the collection as a whole 
is that, as might be expected, the type of treatment, par- 
ticularly as regards technical level, varies somewhat from 
paper to paper. 

Undoubtedly the section of the book of most interest 
to aeronautical engineers and aircraft operators will be 
the two papers “Air Transport Fuels,” by A. L. Parker and 
“Lubrication of Aircraft,” by M. F. Hoare, A. L. Parker 
and J. T. Tyson. 

The first of these two papers traces briefly the develop- 
ment of modern aviation fuels since 1945 and then pro- 
ceeds to a review of the grades of fuel available for 
modern aircraft. Certain limiting quality considerations 
are discussed, particularly with respect to the availability 
of alternative fuels for aviation gas turbines. 

The second paper is rather longer (about 17 pages) and 
covers the whole field of aircraft lubrication, including 
hydraulic fluids. The paper contains interesting tabular 
summaries of the lubrication requirements in each appli- 
cation and of typical lubricant properties required by 
British and American specifications. 

It is felt that the value of both these papers, and indeed 
others in the book, would have been enhanced by a list 
of references to the sources from which information has 
been drawn and to which the reader could turn for more 
detailed treatment of subjects which particularly interested 
him.—J. R. STOCKS (Shell Petroleum). 


Additions to the Library 


AVIATION SAFETY. Fourth Annual Supplement. 1955. 
*Grambow, Marion E. (Managing Editor). AMERICAN 
AVIATION Spring-Summer 
1955. Vol. 16, No. 1. Am. Av. Pubs. 1955. 
Huntington, E. V. THE ConTINUUM. Dover. 1955 (1917). 
*N.A.C.A.  THIRTY-NINTH ANNUAL REPORT. U.S.G.P.O. 
1955. 
Sears, W. R. SOME AERODYNAMIC PROBLEMS OF COM- 
PRESSORS AND TURBINES. University of Maryland. 


1953. 
Sullivan, A. (Compiler). AVIATION IN CANADA, 1917-18. 
Rous & Mann. 1919. 


Taylor, J. W. R. Civit AIRCRAFT RECOGNITION (A.B.C. 
Series). Ian Allan Ltd. 1955. 

Taylor, J. W. R. Civit AIRCRAFT MARKINGS. 
1955. 

Valentin, L. Birp Man. Hutchinson. 1955. 

Wallace, G. THE FLIGHT OF ALCOCK AND BROWN 14-15 
JuNé 1919. Putnam. 1955. 

Wood, K. D. AIRPLANE DESIGN. 
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Experimental determination of the critical heights of surface 
irregularities. E. H. Cowled. A.R.L./A.138 (November 1954). 


Results of transition experiments with five types of surface 
irregularity are presented. The tests are concerned primarily 
with the influence of shape on the critical heights of isolated 
disturbances; some experiments were also made to determine 
the effect of several irregularities arranged in a chordwise 
row. The problem of correlating data obtained by different 
experimental methods is discussed.—(1.1.2). 


The compressible laminar boundary layer with heat transfer 
and arbitrary pressure gradient. C. B. Cohen and E. Reshotko. 
N.A.C.A., T.N. 3326 (April 1955). 


An approximate method for the calculation of the com- 
pressitle laminar boundary layer with heat transfer and 
arbitrary pressure gradient, based on Thwaites’ correlation 
concept, is presented. With the definition of dimensionless 
shear and heat-transfer parameters and an assumed corre- 
lation of these parameters in terms of a momentum 
parameter, a complete system of relations for calculating 
skin-friction and heat-transfer results —(1.1.1). 


Investigation of the turbulent boundary layer on a yawed flat 

plate. H. Ashkenas and F. R. Riddell. N.A.C.A., T.N. 3383 

(April 1955). 
Experiments made on three flat plates yawed 0°, 30°, and 
45° with artificially fixed transition in a low-speed, low- 
turbulence tunnel are described. The effects of yaw on the 
velocity profile and on the direction of flow near the plate 
are found to be small, The boundary-layer displacement 
thickness on a yawed plate is found to grow in the stream- 
wise direction at a rate slightly greater than it does on the 
unyawed plate.—(1.1.3.1). 


COMPRESSIBLE FLOW 


Application of the generalized shock-expansion method to 
inclined bodies of revolution travelling at high supersonic air- 
speeds. R.C. Savin. N.A.C.A., T.N. 3349 (April 1955). 


The generalised shock-expansion method is applied to obtain 
solutions to the flow field about pointed bodies of revolution 
at high supersonic air speeds and small angles of attack. 
Simple explicit expressions are obtained for the surface 
Mach numbers and surface pressures in the special case of 
slender bodies. In the case of inclined cones, algebraic 
solutions are obtained defining the entire flow fluid. Experi- 
mental pressure-distribution data for cones and ogives at 
Mach numters from 3 to 5 are included.—(1.2.3). 


Flight measurements of base pressure on bodies of revolution 
with and without simulated rocket chambers. R. F. Peck. 
N.A.C.A., T.N. 3372 (April 1955). 


Base pressures were measured on fin-stabilised bodies of 
revolution with and without rocket chambers and with and 
without a converging afterbody. At Mach numbers between 
0-7 and 1:2, the results show that the presence of a “cold” 
rocket chamber increased the pressure (less suction) over the 
centre portion of the bases.—(1.2.2). 


FLuip DyNAMICS 


Apparatus for measurements of time and space correlation. 
A. Favre, J. Gaviglio and R. Dumas. N.A.C.A., T.M., 1371 
(April 1955). 
Improvements to an experimental apparatus for time and 
space correlation designed for study of turbulence are 
reviewed briefly. Included is a description of the control of 
the measurements and a few particular applications.—(1.4.2). 


INTERNAL FLOW 


Tests related to the effect of profile shape and camber-line on 
compressor cascade performance. S. J. Andrews. R. & M. 
2743 (October 1949, published 1955). 


Cascade tests have been made to obtain information on the 
related questions of whether simpler sections than the normal 
aerofoil C4 can be used without loss of efficiency, and 
whether a particular section should be constructed on a 
circular-arc or a parabolic-arc camber-line. Of the large 
possible number of simple shapes, three only were chosen 
for comparison with the aerofoil: a flat plate with rounded 
leading and trailing edges, a flat plate with sharpened leading 
and trailing edges, and an approximately biconvex shape, 
A representative cascade shape was chosen (blade inlet 
angle 55°, outlet angle 30°, and pitch/chord ratio 0-75) 
and four cascades with the four sections mentioned above 
mounted on circular-arc camber-lines were made up. In 
addition, to provide data on the relative advantage of 
circular-are and parabolic-arc camber-line, two cascades 
were made up on parabolic-arcs.—(1.5.2.3). 


The secondary flow in curved pipes. H.G. Cuming. R. & M. 


2880 (February 1952, published 1955). 


The Navier-Stokes equations for the flow of a viscous 
incompressible fluid through curved pipes of different 
sections are solved in power series of the curvature for the 
case of an elliptic section and the effect is discussed of the 
aspect ratio of the pipe on the intensity of the secondary 
flow. The solution is also given to the first power of the 
curvature for the case of a square section. Finally, the 
solution is given as far as the second power of the curvature 
for the case of flow through a curved pipe of circular section 
when suction proportional to the curvature is applied at 
the walls.—(1.5.1.2). 


Analytic determination of the discharge coefficients of flow 
nozzles. F. S. Simmons, N.A.C.A., T.N. 3447 (April 1955), 


An analytic expression for the discharge coefficient of flow 
nozzles is obtained by integration of an approximation for 
the velocity profile through the cross section of the nozzle. 
This expression shows the discharge coefficient to te a 
function of the Reynolds number and the geometry of the 
nozzle and agrees well with published experimental data for 
Reynolds numbers between 10* and 10°.—(1.5.1.1). 


LoaDs 


A statistical study of wing lift at ground contact for four 

transport airplanes. D. C. Lindquist. N.A.C.A., T.N. 3435 

(April 1955). 
A brief statistical study of the value of the wing-lift factor 
K, at the instant of ground contact during landing is 
presented for four transport aeroplanes. Frequency distri- 
butions and probability distributions of the wing-lift factor 
were determined from acceleration measurements on VGH 
nya of 2,049 landings in routine airline operations.— 


STABILITY AND CONTROL 


Ground-simulator study of the effects of stick force and 
displacement on tracking performance. S. Faber. N.A.C.A. 
T.N. 3428 (April 1955). 


Tests were performed on a ground simulator with one degree 
of freedom, pitch, to determine the desired magnitude of 
the control-stick forces and displacements in relation to the 
performance of a tracking task. The dynamics of the simv- 
lated aeroplane were typical of those of current fighters 
operating at low altitudes and at subsonic speeds and having 
an undamped natural frequency of 4 cycle per second and 
a damping ratio of approximately 0°8.—(1.8.2). 


NOTE.—The figures in parenthesis at the end of each Summary are for office use only. 
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THE LIBRARY—REPORTS 


THERMO-AERODYNAMICS 


Free convection at small Grashof numbers. 

A.R.L.| A.143 (January 1955). 
Rough physical arguments suggest that the heat transfer 
from a body immersed in a fluid should be determined by 
the conduction solution whenever the Grashof number 
associated with the problem is small. As this leads to heat 
transfer rates, not always in accordance with experimental 
results, a mathematical investigation is undertaken to locate 
the source of this discrepancy.—(1.9.1). 


J. J. Mahony. 


Uber die temperaturverteilung hinter angestr6mten Zylindern. 
J. Ackeret. 

Uber thermische Effekte in Resonanzrohen. H. Sprenger. 
Schubvermehrung durch strahlmischung. Z. Plaskowski. 
Mitteilungen aus dem Institut fur Aerodynamik. Nr. 21 (1954).— 
(1.9). 


Effect of dissociation on thermodynamic properties of pure 

diatomic gases, H. W. Woolley. N.A.C.A., T.N. 3270 (April 

1955). 
A graphical method is described by which the enthalpy, 
entropy, and compressibility factor for the equilibrium 
mixture of atoms and diatomic molecules for pure gaseous 
elements may be obtained and shown for any dissociating 
element for which the necessary data exist. Results are 
given for hydrogen, oxygen, and nitrogen. The effect of 
dissociation on the heat capacity is discussed briefly —(1.9). 


WINGS AND AEROFOILS 


On slender delta wings with leading-edge separation. C. E. 

Brown and W. H. Michael. N.A.C.A., T.N. 3430 (April 1955). 
The slender-body approximation of linearised compressible 
flow is applied to the problem of a delta wing in which flow 
separation occurs at the leading edges. The vortex sheets 
found in the real flow are approximated by concentrated 
vortices with feeding lattices, and an adaptation of Kelvin’s 
theorem is applied to simulate the force-free nature of the 
vortex sheet. Computed pressure distributions and span 
loadings are presented, and the theoretical lift results are 
compared with the results of simple force tests made at a 
Mach number of 1:9.(1.10.1.2). 


HELICOPTER AERODYNAMICS 


The effect of control stiffness and forward speed on the flutter 
of a 1/10-scale dynamic model of a_ two-blade jet-driven 
helicopter rotor. G, W. Brooks and M. A. Sylvester. N.A.C.A., 
T.N. 3376 (April 1955). 
Some tests have been made with a 1/10-scale dynamic model 
of a two-blade jet-drive helicopter to study the effects of 
blade-pitch-control stiffness and tip-speed ratio on the rotor 
blade flutter characteristics. The results showed that the 
flutter speed of the model blades was increased as the blade- 
pitch-control stiffness was increased and indicated that the 
structural blade modes of primary importance with respect 
to flutter were the first torsion mode and the flapping mode. 


TESTING AND INSTRUMENTS 


Two miniature temperature recorders for flight use. J, V. 
Foster. N.A.C.A., T.N. 3392 (April 1955). 
Descriptions are given for two types of temperature recorders 
suitable for use with thermo-couples on fighter-type aircraft. 
One is an electromechanical self-balancing potentiometer 
type; the other uses electronic feedback to achieve fast 
balance.—(1.12.6). 


AEROELASTICITY 


Strip theory for oscillating swept wings in incompressible flow. 

A. 1, Van De Vooren and W. Eckhaus. N.L.L. Report F.146 

(April 1954). 
It is shown that strip theory for a swept wing differs from 
that for a straight wing by the fact that a constant spanwise 
intensity of the trailing vortices gives a contribution to the 
downwash in the case of a swept wing, but not for a straight 
wing. This means that two new terms should be added to 
the usual coefficients, the first of which corresponds to the 
varying amplitude in bending or torsion of the wing while 
the second corresponds to taper.—(2.0). 


Influence of compressibility on the flutter speed of a family of 

rectangular cantilever wings with aileron. J. ljff et al. N.L.L. 

Report F.147 (May 1954). 
Diagrams are presented, showing for a family of rectangular 
wing-aileron systems the dimensionless flutter speed as 
function of the ratio between flexural and torsional resonance 
frequency. The calculations have been performed for Mach 
numbers 0, 0:5 and 0:7. The relative mass parameter, the 
positions of the elastic and inertia axes, the aileron static 
balance, the control-cable stiffness and the structural damping 
have been varied systematically.—(2.0). 


Tables of the aerodynamic aileron-coefficients for an oscillating 

wing-aileron system in a subsonic, compressible flow. E. M. De 

Jager. N.L.L. Report F.ASS (July 1954). 
Numerical results are presented for the aerodynamic aileron 
coefficients of an oscillating wing-aileron system, where the 
aileron hinge axis coincides with the nose of the aileron. 
The complete set of the 5 complex coefficients is given for 
the Mach numbers 0, 0°35, 0:50, 0°60, 0:70, 0°80; the reduced 
frequency being equal to 0 (0:1) 1:0 and the chord ratio 
equal to 0 (0-02) 0-1 (0:05) 0:3.—(2.0). 


Method of controlling stiffness properties of a solid-construction 

model wing. N.S. Land and F. T, Abbott. N.A.C.A., T.N. 

3423 (April 1955). 
A simple method is presented for controlling the bending 
and torsional stiffnesses of a solid-construction model wing. 
The method consists of weakening the wing by drilling holes 
through the wing normal to the chord plane. Aerodynamic 
continuity is maintained by filling the holes with a relatively 
soft material.—(2). 


FATIGUE 


Cooperative investigation of relationship between static and 

fatigue properties of wrought N-155 alloy at elevated temper- 

atures. By N.A.C.A. Subcommittee on Heat-Resisting Materials 

N.A.C.A. Headquarters. N.A.C.A., T.N. 3216 (April 1955). 
Extensive data are given relating properties of N-155 alloy 
under static, combined static and dynamic, and completely 
reversed dynamic stress conditions. Time periods for 
fracture ranged from 50 to 500 hours at room temperature, 
1,000°, 1,200°, 1,350°, and 1,500°F. The work was on a 
cooperative basis to help clarify the principles governing 
load-carrying ability of heat-resistant alloys at temperatures 
and conditions where both creep and fatigue can occur 
simultaneously.—(31.2.2.2 x 21.2.1). 


Structural and dimensional changes in annealed copper under 
repeated tensile stresses and direct alternating stresses. R. B. 
Davies, A.R.L./Met.8 (October 1954). 
X-ray diffraction studies have been made of the structural 
changes occurring in copper under repeated tensile stresses 
and under direct alternating stresses at testing frequencies 


FUELS AND LUBRICANTS 


Comparaison de la resistance au choc des films lubrifiants. 
F. Charron. Publications Scientifiques et Techniques du 
Ministére de I’ Air. No. 298 (1955).—(14.2). 


Effect of ammonia addition on limits of flame propagation for 
isooctane-air mixtures at reduced pressures and elevated temper- 
atures. C, O'Neal. N.A.C.A., T.N. 3446 (April 1955). 
Limits were determined for iso-octane, ammonia, and 
mixtures of these two fuels with air at pressures up to 400 
mm, Hg. and temperatures from 60° to 400°C. In the 
ternary mixtures, NH,-air weight ratios were 0-020 and 
0:039.—(14.1). 


HYDRODYNAMICS 


Hydrodynamic tares and interference effects for a 12-percent- 
thick surface-piercing strut and an aspect-ratio-0:25 lifting 
surface. J. A. Ramsen and V. L. Vaughan. N.A.C.A., T.N. 
3420 (April 1955). 
Results are presented from an investigation of the hydro- 
dynamic tares and interferences acting on an N.A.C.A. 66,- 
012 aerofoil-section surface-piercing strut and an aspect- 
ratio-0:25  modified-flat-plate rectangular lifting surface. 


| 
| 
- between 100 and 500 c.p.m.—(31.2.2.5 X 21.2.2). 
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The interference of the strut on the lifting surface was 
negligible except at very shallow depths, where it increased 
the lift and pitching moment slightly. Strut-tare effects were 
appreciable only on drag, where section-drag coefficients 
showed good agreement with data from previous tank and 
wind-tunnel tests.—(17.2). 


MATERIALS 


Structure cristalline de la cancrinite. P. Nithollon. Publications 
Scientifiques et Techniques du Ministére de l'Air. No. N.T. 
53 (1955).—(21.3.1). 


Theory of reversible and nonreversible cracks in solids. Y. 1. 

Frenkel. N.A.C.A., T.M. 1387 (April 1955). 
The Griffith crack theory is reviewed and certain short- 
comings of this theory are discussed. A new description for 
the shape of a crack is given which takes into account the 
atomic structure of material. Through consideration of the 
total energy of the system and the shape of the crack, 
expressions for crack behaviour are derived which are con- 
sidered to remedy the defects of the Griffith theory.— 
(24.2 


Intergranular corrosion of high-purity aluminum in  hydro- 
chloric acid. II—Grain-boundary segregation of impurity 
atoms. M. Metzger and J. Intrater. N.A.C.A., T.N. 3282 
(April 1955). 
The variation in the rate of intergranular corrosion of 
single-phase high-purity aluminium in 20 per cent. hydro- 
chloric acid as a function of iron content and final-annealing 
temperature is attributed to the segregation to atomic sites 
in the grain-boundary region of iron and possibly other 
impurity atoms. The experimental results are analysed by 
reference to a distribution function, obtained by statistical 
mechanical methods, which gives the equilibrium fraction 
of certain sites in the boundary which are occupied by solute 
atoms in terms of the inter-action energy for the segregation 
of the solute atoms at these sites —(21.2.2). 


Plastic deformation of aluminum single crystals at elevated 

temperatures, R. D. Johnson et al. N.A.C.A., T.N, 3351 

(April 1955). 
Plastic deformation of aluminium single crystals was studied 
over a wide range of temperatures. Results are presented 
of constant-stress creep tests, constant-load-rate tests, and 
constant-load creep tests. The effect of crystal orientation on 
the operative slip system was determined. The effect of 
small amounts of prestraining was studied and two high- 
resolution X-ray techniques were used to detect and follow 
the strain, Light and electron microscopy were used to 
study the complex nature of slip bands and kink bands on 
specimens deformed at elevated temperatures._—(21.2.2). 


MATHEMATICS 


L’exploitation des données empiriques. Actes du Colloque tenu 
a Luxembourg en Juillet 1953 dans le Cadre du Congres de 
L’Association Francaise Pour L’Avancement des Sciences. 
Publications Scientifiques et Techniques du Ministere de I Air. 
No. N.T. 52 (1955).—(22.1). 


PROPELLERS 


Circumferential distribution of  propeller-slipstream total- 
pressure rise at one radial station of a twin-engine transport 
airplane. A.W. Vogeley and H. A. Hart. N.A.C.A . T.N. 3432 
(April 1955). 
Flight tests on a twin-engined transport aeroplane have been 
made to determine the effects of fuselage-nacelle interference 
on the circumferential distribution of the rise in total pressure 
behind the propellers. The effects of this flow interference 
on the operation of a simple propeller-thrust indicator, which 
samples the total-pressure rise at two diametrically opposed 
points in the slipstream (to counteract the effects of variations 
in angles of pitch and yaw), have been investigated.—(29.1). 


STRUCTURES 


Analysis of the premature structural failures in static tested 
aircraft. L. §. Jablecki. Mitteilungen aus dem Institut fur 
Flugzeugstatik und Flugzeugbau. Nr. 3 (1955).—(33.3). 


JULY 1955 


Investigation of the post-buckling effective strain distribution 
in stiffened, flat, rectangular plates subjected to shear ang 
normal loads. W, K, G. Floor. N.L.L. Report $.427 (July 
1953). 
In an earlier N.L.L. Report diagrams have been presented 
for the determination of the average stresses and strains jp 
stiffened, initially flat, rectangular plates that have developed 
buckles under the influence of external longitudinal and 
lateral normal loads as well as shear loads. The present 
report contains a set of diagrams, by means of which the 
largest effective strain, according to the Huber, von Mises 
and Hencky criterion, can be determined. Their practical 
application is demonstrated by some numerical examples,— 
(33.2.4.5.4 33.2.4.5.7). 


An experimental study of orifice coefficients, internal strut 

pressures, and loads on a small oleo-pneumatic shock strut, 

N.A.C.A., T.N. 3426 (April 1955). 
Measurements of shock-strut internal pressures, telescoping 
velocity, and strut stroke were made during drop tests of q 
small oleo-pneumatic landing gear to determine the character. 
istics of the orifice and to show the relationships between 
internal strut pressures and the overall loads developed by 
the strut.—(33.2.3.5). 


study of normal accelerations and operating conditions 

experienced by helicopters in commercial and military oper 

ations. M. E. Hazen. N.A.C.A., T.N. 3434 (April 1955). 
An analysis is presented of the normal accelerations and 
operating conditions encountered by two different airmail 
helicopters and a military pilot-training helicopter. Tables 
and graphs are used to illustrate the effect of operating 
conditions on acceleration levels, and a summary of all 
N.A.C.A. helicopter VGH data analysed to date is included, 
—(33.1 X 33.2). 


THERMODYNAMICS 


Chaleurs spécifiques et entropies des hydrocarbures et de 
quelques combustibles liquides. M, Aubert and N. Sivoloboy, 
Publications Scientifiques et Techniques du Ministére de I Air, 
No. 297 (1955).—(34.1 x 14.1.3). 


Review of experimental investigations of liquid-metal heat 
transfer. B. Lubarsky and S. J. Kaufman. N.A.C.A., TN, 
3336 (March 1955). 
Experimental data of various investigators of liquid-metal 
heat-transfer characteristics were re-evaluated, using as 
consistent assumptions and methods as possible, and then 
— with each other and with theoretical results— 
(34.3). 


The compressible laminar boundary layer with fluid injection, 
G. M. Low. N.A.C.A., T.N. 3404 (March 1955). 


A solution of the equations of the compressible laminar 
boundary layer including the effects of transpiration cooling 
is presented. The analysis applied to the flow over an 
isothermal porous plate with a velocity of fluid injection 
proportional to the reciprocal of the square root of the 
distance from the leading edge. Several examples are calcu: 
lated, and the stability of the boundary layer is investigated. 
(34.3 x 1.1.1.2). 


Temperature-composition limits of spontaneous explosion for 
nine alkylsilanes with air at atmospheric pressure. R. L. Schalla 
and G. E. McDonald. N.A.C.A., T.N. 3405 (February 1955). 


To provide safe-handling information, the spontaneous 
explosion limits of nine alkylsilanes were determined as a 
function of temperature and fuel-air composition at 4 
pressure of 1 atmosphere.—(34.1.1 x 14.1.3). 


Interaction of a free flame front with a turbulence field. M. 
Tucker. N.A.C.A., T.N. 3407 (March 1955). 


Theoretical values are obtained for the root-mean-square 
flame-generated turbulence velocities and the attenuating 
pressure fluctuations resulting from a linearised inter-action 
of a constant-pressure combustion front with a field of 
isotropic turbulence. Turbulent flame speed is discussed 
briefly.—(34.1.2). 
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